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ABBREVIATIONS.
The following abbrev iations are used in the tex t and for lab e llin g  
figures :
Po Peak isom etric  ten s io n .
8% The firs t in flec tion  on the  tension  reco rd , during ’an applied
s tre tc h .
Sg The second in flec tion  on the tension  record , during an
applied  s tre tc h .
Pgg Total m uscle ten sio n  a t 8 2 ,
,1q Length of the  m uscle in the in tac t an im al, w ith the leg s  a t
180%
A S Change in  sarcom ere len g th ,
à P Change in  m uscle ten s io n .
AL Change in m uscle len g th ,
Em S tiffness of the m uscle : A P / a L .
Eg S tiffness of the  sarcom eres: A p /A  S*
Cy C ritical v e lo c ity ,
FRT Filam entary resting  ten s io n .
W Work absorbed by the m uscle .
SUMMARY.
A. study hk^ been made of the tension  responses and re la tiv e
slid ing  movements of the ac tin  and myosin filam ents which resu lt when 
controlled  length changes of variab le  am plitude and v e lo c ity  are applied 
to  contracting frog 's  m uscle ,
_B. The tension  increm ent produced by a 'ramp and hold ' s tre tch  of ;
approxim ately 1mm (about 4 % of m uscle leng th) c o n s is ts  of three p h ases  ! 
w hose lim its  are defined by two p o in ts , designated  S i  and S2 , where j
the  slope of the in c rease  of ten sio n  changes abruptly . Sj and 82 co r- |
respond with m uscle ex ten sio n s of 4 0 - 45pm and 325 -  375pm ,respective ly , ’ !
C. D isplacem ent of the ac tin  and myosin filam ents w as recorded 
sim ultaneously  by monitoring changes in the d iffraction  spec tra  produced 
by illum inating a small area of m uscle with a la s e r .  The spectra  were 
projected onto a screen  and photographed with a c in e-cam era . The '
spacing of the 1 st order l in e s  w as m easured and used  to  ca lcu la te  sa r­
comere len g th .
p . Cine photography of d iffraction  spectra  showed th a t a v a riab le , 
and som etim es la rg e , proportion of the length  change applied  to  the 
m uscle is  taken  up by ex tension  of e la s tic  elem ents arranged in se rie s  
w ith the sarcom eres. During the early  part of the s tre tch , filam ent 
d isp lacem ent is  le s s  than would be an tic ipated  if  a ll of the external 
length  change w as d istribu ted  uniformly am ongst the  sarcom eres,
E. The way in  which sarcom eres shorten during the onset and develop­
ment of an isom etric  te tan u s  shows th a t the se rie s  e la s tic  elem ents become 
p rogressively  s tiffe r  w ith increasing  ex ten sio n ; a t peak te tan ic  tension  
th e ir  com pliance is  found to be approxim ately 6 .5  x  lO ^ ^ m .N ^ l
p . When the ac tin  arid myosin filam ents are forcibly d isp laced  by about
11 - 1 2  nm from th e ir  ’s tead y  s ta te ' position  a t the  peak of an isom etric
te ta n u s , the  sarcom ere length  in c reases  abruptly  by some 2 0 -  3 0 nm, a
phenomenon referred to  as  rapid 'g iv e '.  The 11 - 1 2 nm d isp lacem ent before
rapid 'g iv e ' o ccu rs ,rep resen ts  the range of movement of the  filam ents over
which the myosin c ro ss-b rid g es  can be d isto rted  yet remain a ttached  to
th e  ac tin  ac tiv e  s i te .  This range of movement is  found to  be independent
of sardpm eie lei^gth, and h e n c e , of interfilam entary  sp ac in g . C ro ss- 
\bridges 'areJoEcibly broken when the filam ents are made to move by more 
than 11 - 1 2  nm. The sudden in c rease  in com pliance of the  sarcom eres 
which resu lts  e ffec ts  an abrupt shortening of the stre tched  e la s tic  elem ents 
(e la s t ic  reco il) a t the expense of the sarcom eres in se rie s  with them .
producing r a p id 'g iv e '. ’  i
i
G. The s tiffn ess  of the sarcom eres and the  force they  are able to  ]
bear im m ediately prior to rapid 'g iv e ' ( th e  maximum 'holding* fo rce , j
d esigna ted  Pg^) are both d irec tly  proportional to  filam ent overlap . H en ce , j
the  s tiffn e ss  of an individual c ro ss-b rid g e  and its  a ffin ity  for the  ac tin  ac tiv e  | 
region are q u an tities  which m ust be independent of th e  su rfac e -to -su rfa c e  . j
I
separation  of the filam en ts . The minimum s tiffn e ss  of a s ing le  c ro s s -  j
bridge is  estim ated  to  be around 2 ,7  x  10"'^ N .m “ ^ , |
H . Tension changes and sarcom ere movements during sing le  and double • 
cy c les  of s tre tch  and re le a se  w ere recorded. The even ts occuring during |
a second cycle  s tre tch  d iffer markedly from th o se  during a f ir s t .  C ro ss-  ■
bridges can accom odate a w ider range of filam ent movement w ithout 1
d etach in g , 1 8 nm as  compared w ith 12 nm, if the second stre tch  is  applied  !
w ithout de lay  a fte r  the proceeding re le a se . The s tif fn e ss  of the  sarcom eres j
is  approxim ately the  same for a second cycle s tre tch  ( 5 .3  x  lO ^^N .m "^
per metre ex tension  of each  h a lf sarcom ere) a s  for a f irs t ( 5 , 9 5 x X 0 ^ ^ N .  i
m"^ per metre ex tension  of each  h a lf sa rco m ere ), ind icating  th a t the  ;
number of c ro ss-b rid g es  holding the filam ents to g e th er is  not a ltered  i
apprec iab ly . These re su lts  are com patible w ith H uxley & Simmons recen t j
m odel. They suggest an ac tin  ac tiv e  region of length  15 nm , made up of |
four regularly  spaced  (''5,0nm separation) attachm ent s i t e s ,  corresponding ’ 
w ith individual a c tin  m onom ers, The m yosin head can occupy one of
th ree po ssib le  s tab le  po sitio n s  (designated  A, B and C) and the full’ 
range of movement of the  head (th e  force generating p ro cess )  is  effected  
by two s tep s  ( A -^B  and B ~ ^ C ), At peak isom etric  ten sio n  the m ajority 
of the heads spend m ost of th e ir  tim e in position  B.
Pgg in c reases  w ith increasing  speed of s tre tch  un til a c ritica l 
v e lo c ity  ( Gy) is  reach ed , beyond which it rem ains more or le s s  co n s ta n t. 
M uscle s tiffn e ss  (Em) v a rie s  in a sim ilar fash io n . The G y's for Pgg and 
Em in c rease  w ith increasing  tem perature . At 0°G,  the  Gv is  about 3.8m m .
, corresponding w ith a re la tiv e  slid ing  of the filam ents of 0 ,1 6 3 pm, s""^.
J .  Arrhenius p lo ts  of the  varia tion  in the  Gy for Pgg and E^ w ith tem p­
erature show th a t n e ith er of th e se  two param eters is  re la ted  in a stra ig h t 
forward w ay to  the  ra te  of c ro ss-b rid g e  cycling . The ac tiv a tio n  energy 
for the  rate lim iting s tep  determ ining the  Gy for Pg^ is  found to  be 9 .7 8  
k ca l.m o l“ ^ , K“  ^ (o v er the range 0 -  30"G). The corresponding Arrhenius 
plot for the varia tion  in the  Gy for is  more com plex, y ielding two 
ac tiv a tio n  energ ies of 1 2 , 5  kcal.m ol"”^ , K*“^  (ran g e : 0 - 1 2 “G) and 4 . 0  
k ca l.m o l”  ^, ( ran g e : 12 30"G). It is  postu la ted  th a t there may be 
tw o , para lle l reactions requiring ATP, which are sep ara te ly  re la ted  to
Pgg and Em
K, Tension changes during leng th  cy c les  of sm all am plitude (no t 
suffic ien t to  reach Sj ) and Interm ediate am plitude (su ffic ien t to  reach
8  ^ , but not 8 g ) were in v es tig a ted . The re su lts  suggest th a t ten sio n  
generated up to  Sj (fo r s tre tch es  of 40 -  45jam) is  due to  ex tension  of 
H uxley & Simmons’AB link  w ithout a change in the  o rien ta tion  of the 
a ttached  myosin h e a d , w hereas beyond and up to  82% backward ro t­
ation  of the head accoun ts for m ost (about 90 %) of th e  movement of the 
filam en ts .
L. M uscle le n g th / te n s io n  lo o p s ' were recorded during cy clica l 
leng th  changes of d ifferent am plitudes # made a t constan t ve lo c ity  (g re a te r  
than  C y ) , The work absorbed by the m uscle (g iven  by the  area of the 
lo o p ')  depends upon the  am plitude of the  length  change; no d e tec tab le  
work is  absorbed for cy c les  of am plitude le s s  than  th a t required to  exceed 
8 -j^ ; beyond 8 #^ the  work absorbed per unit increm ent of leng th  in c reases  
p rogressively  up to  82 ? beyond 8 ^ , the work absorbed by the  m uscle is  
more or le s s  constan t . Sarcomere length  /  ten sio n  loops ind icate  th a t 
m ost ( 8 0 - 9 0 % )  of the  non-returnab le  work is  absorbed by the  sarcom eres 
th em se lv es ,
M . More non-returnable work is  done on a m uscle during the f irs t 
cycle  of a double s tre tch  -  re le a se  com bination than  during the second . 
Typical va lues obtained are : 4 . 6 mJ.m“ ^ per h a lf  sarcom ere (1 s t  cycle  ) 
and 3 , 75m l,m "^ per h a lf  sarcom ere (2nd c y c le ) , for stre tch  -  re le a se  
cy c les  of approxim ately 1mm, The g rea ter amount of work absorbed 
during th e  f irs t cycle  a s  compared to  the  second is  a sso c ia ted  w ith a
correspondingly g reater amount of filam ent slid ing  which tak es  p lace in 
the  period Immediately following rapid 'g iv e ' until the end of the  s tre tch .
N. The work required to  force a sing le  c ro ss-b rid g e  head from position
-19C ^ B  is  found to  be 0 ,2  x  10 J, if a ll the p ro jections are a c t iv e . This
amount of energy may be provided by the  hydrolysis of a sing le  m olecule 
-19of ATP ( 0 . 8  X 10 T).
O. The energy required to  break a c ro ss-b rid g e  is  estim ated  to  be w ithin
-19the range 0 , 2 5 - 1 , 0 x 1 0  J. This is  c lo se  to  the bond energy of a sing le
-19hydrogen bond ( 0 ,35  x  10 J ) , Each point on the head may therefore be 
attached  to  the ac tin  filam ent by a single hydrogen b o n d , although more 
numerous (e le c tro s ta tic )  w eaker bonds are a lso  p o ss ib le .
-1
CHAPTER I
INTRODUCTION.
It is  understandable th a t th e  d es ire  to  unravel the  mechanism  of m uscular 
contraction  h as  provided a fasc in a tin g  and irre s is tib le  challenge to  
co u n tless  generations of b io log ists#  because  the  cap ac ity  for m ovem ent# 
in an apparently  purposeful fashion# is  one of the  most strik ing a ttrib u tes  
of liv ing  organism s. W hile i t  is  true th a t not a ll organism s have 'm uscles ', 
it is  becoming c lea r  that,m any ce ll types contain  ac tin  and myosin# the  ' 
two principal pro teins found in m uscle # and th a t th e ir  in teraction  a t the  
m olecular lev e l is  involved w herever movement of one kind or ano ther 
tak es  p la c e , -
L a tte rly , there  h as  been ari alm ost explosive expansion  in  our know- . 
ledge of m uscle . In a recen t review# Fuchs (1974) m entions tw enty-four 
s im ila r review  a r t ic le s , covering th e  period 1970 -  73 # dealing  with the 
b iochem istry  of m uscle proteins# the  control of contraction  by calcium  
and the  regulatory protein  system  # and the  mechnism of force generation  # 
a s  w ell as  several im portant books on m uscular contraction# ranging from 
undergraduate te x ts  to  N eedham 's monumental 'M achina G arnis' # an 
h is to rica l account of the biochem istry  and physiology of m uscle . It
would not be p rac ticab le  to  p resen t here a review  of the  en tire  fie ld  #'
or even attem pt a survey of the  re la tiv e ly  re s tric ted  area covered by the
present in v estig a tio n ; instead# th is  introduction is aimed at a statem ent ;
of the  slid ing  filam ent theory  # with a brief account of the  experim ental 
evidence on which it is  based  # together with a more de ta iled  considera tion  j
of some recen tly  proposed models , which attem pt to  explain  how the  force , I
for contraction  is generated at the m olecular le v e l .  |
The work to  be described  is  concerned w ith the ten sio n  responses Ii
produced by the app lica tion  of controlled  s tre tc h e s  and re le a se s  to  co n - i
trac ting  frog 's  m u scle . The technique is  by no means novel. An immense I
amount of experim ental work of th is  nature has been done inithe la s t  70 ;
years# e sp ec ia lly  by A.V. H ill and h is  co lleag u es . The converse type of |
experim ent # m easuring leng th  w hile sub jecting  m uscles to sudden changes ;
of load# has a lso  been used ex ten s iv e ly . Much of th e  ea rlie r  work on j
the m echanics of m uscle w as d ifficu lt to interpret# for two principal r e a s -  II
o n s . First# becau se  the in ternal structure of m uscle w as im perfectly
understood. It w as not until the early  1950's th a t th e  ch a rac te ris tic  j
1banding pattern  of s tria ted  m uscle # undoubtedly its  m ost strik ing  s tru c t-  ‘ ;
ural feature# w as recognised  as  being due to  the  ex isten ce  of a d o u b le# 
p artia lly  in terpenetrating  array of filam ents w ithin  the  sarcom eres. This I
proved to be a m ilestone in the  study of m uscle and it came to  ligh t only 
when e lectron  m icroscopy and X -ray diffraction  m ethods were brought to  *
bear on the problem . Secondly# many of the ea rly  experim ents were 
confounded by the ex isten ce  of inert ( n o n -co n trac tile ) s tructu res w ithin 
the  m uscle w hose p resence serio u sly  hampered attem pts to  in terpret the  . 
re su lts .  It gradually  becam e c lea r  th a t a number of the 'p h y sio lo g ica l' ’ i
properties of m uscle could be a ttribu ted  to  the  ex is ten ce  of e la s tic  
elem ents in se rie s  w ith the  con trac tile  com ponent, and in d irec t, often 
te d io u s , m ethods of an a ly s is  w ere needed to  a s s e s s  i ts  contribution , 
A.V. HÜ1 has referred , somewhat euphem istica lly , to the se rie s  e la s tic  
component a s  ‘an unm itigated n u isa n c e '.  This it ce rta in ly  w as ? but 
now adays its  effec ts  can be alm ost en tire ly  elim inated by the  expedient 
of following changes in the  leng th  of the  sarcom eres th em se lv es . This 
ta sk  is  g reatly  fac ilita ted  by the  use  of the la s e r ,  monitoring changes 
in the  spacing of the d iffraction  spectra  produced by the  sarcom eres, 
w hile subjecting  the m uscle to  controlled  changes of length  or lo a d , a 
techn ique which h as  been used  ex tensive ly  in the  p resen t study .
The Sliding Filam ent Theory,
For many years  it w as thought th a t m uscle shortening and the  develop­
ment of ten sio n  were brought about by a change of shape ( co iling  or 
folding) of the con trac tile  m a te ria l, which w as supposed to  be in the 
form of continuous filam en ts . U nfortunately , early  electron  m icroscopic 
investigations; led  to  reports of th e  e x tis teh ce  of continuous filam ents 
in m uscle (H a ll , Jakus & Schm itt, 1945) and it w as not until 1953 th a t 
ev idence to  the  contrary began to  accum ulate . In 1954 two short papers 
appeared together in the  M ay 22nd issu e  of N atu re , one by A .F. H uxley 
& N eidergerke reporting observations made w ith the  in terference m icro­
scope on changes in the  s tria tio n  pattern  of liv ing  fib res under d ifferent 
physiological conditions ( p ass iv e  s tre tch  and during isom etric  and is o -
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The vertica l arrows show the various c ritica l s tag es  of overlap 
portrayed in ( c ) .  ( c )  C ritical s tag es  in the increase  in
overlap of the th ick  and thin filam ents a s  a sarcom ere shcnrtens. 
The numbers on the le ft refer to  the d isco n tin u itie s  arrowed in
(b).  Shaded a reas  ind icate  regions of c ritica l behaviour of the  
th ick  and thin f ilam en ts .
(From Carlson & W ilk ie , 1974)
•10
ton ic  c o n tra c tio n ) , and the o ther by H. E.  H uxley & H anson , summar­
ising  th e ir  observations made w ith the phase con trast m icroscope on 
the  banding pattern  of iso la ted  m yofibrils a t re s t and during con trac tion . 
The most s ign ifican t re su lt to  emerge from both s tu d ie s  w as th a t the 
w idth of the A-band region of th e  sarcom ere rem ains constan t under 
differing physio log ical conditions and th a t changes in m uscle leng th  
can be accounted  for by changes in the width of the  I -b a n d s , Electron 
m icroscopic observations ( H. E ,  H uxley, 1953b) and X -ray d iffraction  
s tu d ies  (H .E .H u x ley , 1953a) of m uscle in rigor had ea rlie r  revealed  
the  protein component to  be in th e  form of elongated filam en ts , and it 
w as shown by se le c tiv e  ex traction  experim ents ( H . E .  H uxley & H anson , 
1954) th a t myosin is  confined to  the  A -band. These observations led  
A.F, Huxley & N eidergerke and H. E.  Huxley & H anson to  propose a new 
model for con traction  which w as w idely  accep ted . This becam e known 
a s  thS^sUding fh^m ent theo ry . Briefly, i t  s ta te s  th a t the  con trac tile  
pro teins are arranged w ithin  each  sarcom ere in the  form of two se ts  
of in terd ig ita ting  f ila m e n ts , organised  in hexagonal arrays? the th in , 
ac tin -co n ta ih in g  f ila m e n ts , loca ted  p rinc ipa lly  in the X-band, and the 
th ick e r , m yosin-contain ing  filam nets ,loca ted  ex c lu siv e ly  in the  A -band, 
A change in the  leng th  of a m uscle is  brought about by a re la tiv e  s lid ing  
movement of one se t of filam ents past the o ther and the  force for con­
trac tio n  is  generated by a number of independently^acting s ite s  loca ted  
w here the  two overlap . A diagram  of the  arrangem ent of filam ents a t 
d ifferen t sarcom ere leng ths is  shown in F ig, 1 , 1 ,
11
There are two im portant co ro lla ries  of th is  th eo ry , which have ' 
been amply confirmed experim entally , ■ F irs t, if a change in the 
leng th  of a m uscle is  brought about by a re la tiv e  slid ing  motion of 
the  two kinds of f ilam e n ts , then  th e ir  length ought to  remain co n s tan t. 
This has been shown by e lectron  m icroscopy (P ag e , 1 9 6 4 ; 1 9 6 8 ) , the  
leng th  of the A filam ents being 1 . 6pm and th a t of the  I filam ents , 2 , 1  
pm ( frog m u sc le ) , and by w ide angle d iffraction  s tu d ies  of liv ing  
m u sc le , which reveal th a t the  spacing  of the su b -u n its  in the filam ents 
rem ains c o n s ta n t, both a t re s t and during con trac tion , over a w ide 
range of m uscle leng ths (H uxley & Brown, 1967) ,  Secondly , the
theory  proposes th a t the  force betw een th e  ac tin  and myosin filam ents
. '  -is  generated a t a se rie s  of po in ts of in teraction  lo ca ted  in the region 
of overlap in each  sarcom ere; accord ing ly , the ten sio n  developed per 
filam ent should be proportional to  the number of th e se  p o in ts , and • 
therefore to  the  w idth of the  overlap reg ion . It h as  been known for 
some tim e th a t the peak isom etric  ten sio n  of a m uscle is  inversely  
re la ted  to  its  le n g th , for sarcom ere spacings g rea te r than  about 2 . 5pm 
( Ramsay & S tree t, 1940) and th is  has been strik ing ly  confirmed by 
Gordon, H uxley & Julian (19 6 6 ) .  It is  an extrem ely im portant property 
of m uscle , which fu lly  accords w ith the  idea th a t ten sio n  is  produced 
by independent force g e n e ra to rs , lo ca ted  in the region of overlap 
betw een the  ac tin  and m yosin filam en ts .
W ith improvements in  e lec tro n  m icroscopic te c h n iq u e s , it becam e 
c le a r  th a t ,  under certa in  conditions', physica l lin k ag es  are formed
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betw een the th ick  and th in  filam en ts , and in 1957, A .F. Huxley 
proposed th a t in liv ing  m uscle tem porary c ro ss-b rid g es  are formed 
betw een the filam ents and th a t th e se  are responsib le  for the generation 
of fo rce . In teraction  betw een ac tin  and myosin Is supported by evidence 
from biochem ical s tu d ies  of pro teins in so lu tion . The ATPase ac tiv ity  of 
myosin alone under physio log ical conditions is lo w , but it is  g reatly  
enhanced by the p resence of ac tin  (H a sse lb a c h , 1952) ,  indicating  
th a t ac tin  c a n , by i ts e lf ,  cause  ac tiva tion  of m yosin. This in teraction  
is  inhibited in the absence  of calcium  ions by troponin and tropom yosin, 
the regulatory  proteins (E b ash i, 1963; Ebashi & E bash i, 1966) ,  which 
in vertebrate  sk e le ta l m uscle are found to  be asso c ia ted  with the th in  
filam ents (E b ash i, Endo, Nonom ura, M asaki & O tsu k i, 19 6 6 ; P epe, 
1966) .
It is reasonab le  to  assum e th a t the enzyartïS^ly-.reactive  part of 
the myosin m olecule forms part of the  m e^ an io a l'd l^ k ag e  ; furtheiinore, 
s ince  re la tiv e ly  large s lid ing  movements of the  filam ents o ccu r, it 
must be assum ed th a t each  c ro ss-b rid g e  is  capab le  of performing rep­
e tit iv e , cy c lica l m ovem ents. During part of each  cycle  it must form 
an attachm ent w ith the ac tin  filam ent and at the same tim e undergo a 
change of shape so as  to  cause  re la tive  slid ing  movement of the  f ila ­
m ents. The performance of each  cycle  is accom panied a t some stage 
by the sp littin g  of ATP, which provides the energy required by the system  
in doing work.
The way in which individual myosin m olecules are assem bled in the
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myosin filam ent w as clarified  by H.E.  H uxley (1961 , 1963) using 
n egatively  s ta ined  p repara tions. As a resu lt of th is  work it becam e 
c le a r  tha t the myosin filam ent is  po larised  and th a t the d irection  of 
orien ta tion  of the m olecules is  reversed  in e ith e r h a lf  of each  filam ent.
The consequence of th is  arrangem ent is  th a t the tendency  for the  f i la ­
ments to  move re la tiv e  to  one ano ther is  equal and opposite  in each 
half-sarcom ere and individual c ro ss-b rid g es  ac t in p a ra lle l.
One of the e a r lie s t and most im portant re su lts  to emerge from the ^  
app lica tion  of X -ray d iffraction  techn iques to  the study of m uscle w as
H.E.  H uxley’s (1953) finding th a t the  volume occupied by the  filam ent 
la t t ic e  is  constan t a t a ll m uscle leng ths ; th a t i s , the  product of s a rc ­
omere length  and the  square of the  in terfilam entary  spacing  h as  a fixed 
v a lu e . It follow s th a t the  la te ra l spacing  of the filam ents v a rie s  Inversely  
w ith sarcom ere len g th , and for frog’s m uscle th e ir  c e n tre -to -ce n tre  
spacing  is  found to  range from 19.0  -  26 .0nm ( E llio t, 1964) .  The sum 
of the  radii of the ac tin  and m yosin filam ents is  about 1 5 nm (E llio t, Lowy 
6c W orthington, 1963) which m eans th a t th e ir  su rfa ce -to -su rfa ce  sep ­
ara tion  my be a s  l i t t le  a s  4nm  or as  great as  11 .Onm in the range of 
sarcom ere leng ths over which contraction  is  p o ss ib le . T h ese , th e n , 
are  th e  lim its  of d is tan ce  over which a c ro ss-b rid g e  m ust be capable  
of operating and it poses an In te resting  q u e s tio n , for the  re la tionsh ip  
betw een filam ent overlap and maximum isom etric force show s c learly  
th a t a c ro ss-b rid g e  is  equally  effective  a t generating fo rce , regard less  
of the d is tan ce  over which it operates .
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U sing low angle X -ray d iffraction  tech n iq u es , H uxley , Brown &'
Homes ( 1965) were ab le  to  obtain  diffraction  patterns which revealed 
some of the  changes which occur in th e  filam ents when a m uscle co n trac ts; 
the diffraction  lin es  produced by the  ac tin  filam ents show lit t le  change 
in spacing  or in th e ir  re la tiv e  in te n s ity , but the  reflec tions produced 
by th e  regular h e lica l arrangem ent of c ro ss-b rid g es  in the  m yosin 
filam ent become very  much le s s  in te n se . These observations ind ica te  
th a t c ro ss-b rid g es  undergo asynchronous movements which take p lace  
both rad ia lly  and long itud ina lly  w ith resp ec t to  the long ax is  of the 
m yosin filam ent. Furtherm ore, the re la tive  in te n s itie s  of the equatorial 
re flec tions a rising  from the  1 , 0  and 1 ,1  la t t ic e  p lanes reverse  during 
con trac tion . This re su lts  from the  tra n sfe r of m aterial from the  th ick  
filam ents to  the v ic in ity  of the  th in  f ilam en ts ,
A considerab le  amount of ev idence has accum ulated recen tly  which 
show s th a t a large  part of the  so -c a lled  se rie s  e la s tic  component is  
a c tu a lly  loca ted  w ithin the  sarcom eres. A.V, H ill (1970) h a s  shown 
th a t the e la s tic  component becom es s tiffe r  a s  m uscle force d e v e lo p s , 
a finding confirmed recen tly  by B ressler & Clinch ( 1 97 4) ,  who a lso  
observed th a t the s tiffn e ss  is  dependent on the  leng th  of the m u sc le , 
and hence  on the ex ten t of filam ent overlap . A sim ilar dependence 
of s tiffn e ss  on filam ent overlap  w as dem onstrated by H uxley & Simmons 
(1971 a ) . It seem s m ost lik e ly  th a t th is  e la s tic ity  is  a co llig a tiv e  
property of the c ro ss -b rid g es  th em se lv es , s ince  the  filam ents have 
been shown to  be re la tiv e ly  in ex ten sib le  ( H.E ,  H uxley & Brown, 1967) .
Myosin
filam ent
Equilibrium position 
of M site ------ M— X—>l
Fig. 1 ,2 .  M echanism  of contraction  proposed by A .F. H uxley 
(1 9 5 7 ). The part of the  filam ents shown is  in the  right hand 
half of an A band . The myosin ’s id e  p iec e ' (M ) is  capab le  of 
binding to  the ac tin  s ite s  (A, only one sh o w n ), O is  the 
equilibrium  position  of M , where there  is  no net force in the 
e la s tic  lin k a g e s , x  is  the d isp lacem ent of A from O,
(From A .F . H uxley, 1957 ,)
---- 4
---- 2
0 h X
Fig. 1,3 , D ependence of f and g on x ,  where f(broken line) is  the ra te  
constan t for formation of ac tln -m yosin  c ro ss -lin k s  and g (continuous line) 
is the  rate constan t for detachm ent, x  is  the d is tan ce  of A from 0 , the 
position  where there  is  no ne t fo rce ,in  the e la s tic  l in k . ’ h rep resen ts  the  
maximum value of x ,  a t which attachm ent can o ccu r. (From A .F .H ux ley , 
1957 .)
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C ross-b ridge M odels. . -
A number of models for the  m yosin c ro ss-b rid g e  have been proposed to  
account for the observed m echanical properties of contracting m u sc le , 
and it  is  of in te re s t to  compare the  most im portant of th e se  and to  consider 
the  experim ental ev idence on which they  are b ased .
A .F . H ux ley 's  1957 theory . The firs t attem pt to  account for the  observed----
physio logical properties of m uscle in term s of the  k in e tic s  of c ro ss-b rid g e  
cycling w as made by A .F . H uxley in 1957. He estim ated  the  rate  co n stan ts  
for making and breaking c ro ss-b rid g es  by fitting  the  s tead y  s ta te  fo rce - 
v e lo c ity  and fo rce-en e tg y  re la tions of the model to  th o se  found experim ent­
a lly  by A.V. H ill (1 9 3 8 ), It w as n ecessa ry  to  p o s tu la te  a re la tiv e ly  small 
ra te  constan t for the making of c ro s s -b r id g e s , so th a t the  number formed 
a t a given tim e is  a function of the re la tive  speed of s lid ing  of the filam en ts . 
C onsequently , a s  the load ( te n s io n ) on the  m uscle d e c re a se s , its  speed 
of shortening in c re a se s , in th e  manner observed experim entally . He made 
the  additional assum ption th a t one m olecule of ATP is  required fo r one 
c ro ss-b rid g e  to  com plete a s ing le  cy c le .
The e s se n tia l elem ents of the  model are illu s tra ted  in F ig. 1 .2  and 
the  system  works in the  follow ing w ay. Beginning from the  condition in 
w hich the  m yosin and ac tin  ac tiv e  regions ( M and A ) , are detached  : M 
is  in a s ta te  of constan t o sc illa tio n  about its  equilibrium  position  (O ) 
under the  influence of therm al ag ita tio n . I f , a s  a resu lt of th is  movement,
n  10*8 — ■—
0*6 —
V =  0 0*4 -
1
0*2 —
1 1 ! 1
*5 — 1*0 — 0*5 9 x / h  O'S 1*
0*8
0*6
-  y  max
1*00*51*0 — 0*5
Q*8
0*6
—« 0*4V  =  0*2 5 V,max
- 1*01*5
v = v max
1*0
0*8
0*6
0*4
0*2
-1 * 5 -  1*0 — 0* 5 0 x / h  0*5 1*0
Fig, 1 .4 .  Changes in  n (proportion of s ite s  where an ac t in-m yosin 
linkage is  form ed) , w ith x  (p o sitio n  of. A re la tiv e  to  the  equilibrium  
position  of M ) , for the s teady  s ta te  a t v e lo c itie s  of shortening from 
0 (isom etric  con traction) to  (maximum speed of shortening in
an un loaded , iso ton ic  c o n trac tio n ). (From A .F. H uxley , 1957. )
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M is  brought c lo se  to 'A , there is  a chance^that the  two ac tiv e  s ite s  
w ill in terac t and com bine, and tension  in the linkage connecting M 
to the  myosin filam ent w ill be transm itted  to  the ac tin  filam en t. This 
w ill e ith er appear as  m uscle te n s io n , or w ill re su lt in a re la tive  slid ing  
movement of the  filam en ts ,if external conditions perm it. The probability  
of a c ro ss-b rid g e  ex isting  betw een the  filam ents a t d ifferent d is ta n c e s , 
X, from O is  dep ic ted  in Fig, 1 ,3 ,  where f and g are  the  rate  co n stan ts  
for bridge formation and breakage resp ec tiv e ly . The AM com bination 
occurs to  the  right of the point O and the tension  generated in the 
e la s tic  link promotes m uscle shorten ing , so th a t the  AM com bination 
moves tow ards O. During th is  time there is  a sm all chance th a t the  
c ro ss-b rid g e  w ill de tach  (to  permit m uscle re laxation  when ac tiv a tio n  
c e a s e s )  but when the  point O is  p a s se d , g r ise s  abruptly  and the  link  
is  rapidly broken. H ow ever, a t high ra tes  of shorten ing , many of the 
lin k s  remain a ttach ed  long enough for a force to  be in the d irection  
w hich opposes shorten ing . The maximum speed of shortening is  reached 
when th is  force equals th a t generated on the o ther side  of th e  point 
O , and overall ten sio n  is  zero .
Fig. 1 ,4  illu s tra te s  more c lea rly  how the model can account for 
th e  ch a rac te ris tic  fo rc e /v e lo c i ty  re la tionsh ip  of m uscle . The graphs 
show the  proportion of A and M s ite s  which are combined a t d ifferent 
positions re la tiv e  to  the  equilibrium  position  of the  M s i t e , over the 
range of shortening v e lo c itie s  from V =0 ( isom etric  ten sio n ) to
Although H ux ley 's  1957 theory  can account sa tis fa c to rily  for the
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Fig, 1 .5 . F ig . 1 .6 ,
Fig. 1 ,5 .  Length responses to  imposed 's te p ’ reductions in load of 
d ifferent am plitude. The s iz e  of the  in itia l in stan taneous length  
change is  shown by the arrow . Tension v a lu es  im m ediately a fte r  
the  applied load ’s te p ’ are .
A - 0 , 5 x Pq ,
B -  0 , 3  X Pq . 
C -  O . l S x P o .  
D -  O . O I x Pq . (From Julian et a l ,,1973)
Fig. 1 ,6 ,  Group of ten sio n  ’tra n s ie n ts ' produced by ’s te p ’ changes 
in len g th . The figures on the right of each frame refer to  th e  s iz e  of 
the length  s te p . (From; A .F, H ux ley , 1974. )
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fo rc e /v e lo c i ty  re la tionsh ip  an d , w ith some m odification , the lib e ra tio n  
of energy under d ifferen t conditions of load and s p e e d , recent exper­
im ents have revealed m uscle phenomena which cannot be accom odated 
so e a s ily . These are  the  dynam ic, or n o n -stead y  sta te^responses which 
resu lt from rapid perturbations of length  or lo a d .
" V r  \The t r a n s i e ^  m echanical behaviour of m uscle . The assum ption made 
in H uxley 's  1957 th eo ry , th a t ten sio n  generated in the link  by therm al 
ag ita tio n  is  in s tan tan eo u sly  transm itted  to  the  ac tin  filam ent w henever 
an AB com bination o c c u rs , cannot read ily  account for the  behaviour of 
m uscle fibres to  's te p ' changes of length  or lo a d .
The resp o n ses  of con tracting  frog m uscle fib res to  s tep  changes of 
load  were in v estig a ted  by Civan & Podolsky (1966) and Armstrong, 
H uxley & Julian (1966) and th e  kind^of length  changes they  observed 
are  shown in Fig, 1 .5 .  The converse type of experim ent w as made by 
H uxley & Simmons (1970a , 1 971a ,b ) in which abrupt changes of length  
were applied to  m uscle fibres and the resu lting  ten sio n  changes recorded . 
Some of th e ir  records are reproduced in F ig. 1 ,6 ,  The dynam ic resp o n ses  
of m uscle fib res to  a s tep  reduction of length  or load  can be summ arised 
a s  follows
1) During the le n g th / te n s io n  s te p , a rap id , sim ultaneous drop of. 
ten sio n  / shortening o c c u rs ,
2) This is  followed in the  next few m illiseconds by a period of 
rapid early  ten sio n  re c o v e ry /ra p id  early  shorten ing .
1 4  —r-
1-2 —
Muscle fibre
— —- 0 8 (u
06 2
0-4 o
+ 2- 2—12 '  —10 —8 —6
Filam ent displacem ent in each half sarcom ere  (nm)
Fig, 1 ,7 .  Tj and T2 c u rv e s , constructed  from a group of records 
such a s  th o se  shown in F ig, 1 ,6 .  (From A .F. H uxley, 1974. )
1*4 —T—
1-2
06
—  -  02
-1 0 - 8 —6 - 4 0 +2
Filament d isplacem ent in each half-sarcom ere (nm)
Fig, 1 ,8 ,  and T2 curves obtained from ten sio n  tra n s ien ts  recorded 
from the same m uscle fibre at two different le n g th s . The continuous
line  is the same as th a t shown in F ig , 1, 7, where the  sarcom ere length
w as 2 ,2pm . The low er symbols w ere derived from the  f ib re , stre tched
to  a length where the  sarcom ere length  w as 3 .1pm , (From A .F .H u x le y ,1974.)
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3) During the next 5 -  20 m s. , there  follow s a period of extrem e 
reduction or even reversal of the  rate of ten sio n  reco v e ry /sh o rten in g  
sp eed ,
4) Gradual ten sio n  recovery to  / s t e a d y  sho rten ing , occurs 
during the rem ainder of the. resp o n se ,
H uxley & Simmons’ (1971 a ) tension  records reveal two fea tu res
of p a r tic u la ^ n b e re s t. F irs t, ten sio n  drops abruptly  during a step  
re lea se  to  a value ( )  which is  dependent on the  s iz e  of the s te p ; 
and se c o n d , rapid ten sio n  recovery ra ise s  the  ten sio n  lev e l to  a value 
(Tg) which a lso  varies  w ith th e  s ize  of the shortening s te p . The w ay 
in which the  va lu es  of Tj and Tg are influenced by the s iz e  of the 
leng th  change is  shown in F ig, 1 ,7 ,  The app lica tion  of a s tep  Increase  
of length  produces a ten sio n  response such a s  the  one shown a t the  top 
of Fig. 1 ,6 ,  and the v a lu es  for Tj ( In th is  c a s e , the  peak tension  
va lue) and T2 ( th e  ten sio n  a fte r rapid early  ten sio n  d e c lin e ) may be 
plotted  in the  sam e way a s  th o se  for re le a s e s . This y ie ld s two continu­
ous c u rv e s , in te rsec tin g  a t zero length  change,
H uxley & Simmons' (1 9 7 0 a) in itia l in terp re ta tion  of th e se  observ­
atio n s w as th a t the  sim ultaneous ten sio n  drop rep resen ts  an abrupt 
shortening of the filam ents th e m se lv e s , w ithout re la tiv e  s lid ing  tak ing  
p la c e , and tha t the early  rapid recovery is  brought about by the action  
of c ro ss-b rid g es  re-ex tend ing  the  filam en ts . An a lte rn a tiv e  explanation  
is  th a t both fea tu res  are properties of the c ro ss-b rid g es  and th a t filam ent 
leng ths do not change ap p rec iab ly , e ith er d u rin g , or im m ediately
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following a re le a se . This question  w as quickly  resolved by Huxley 
& Simmons ( 1971 a ) . A sim ilar se rie s  of length  s tep s  were applied  to  
a m uscle fibre held a t a longer le n g th , where the  overlap region in 
each  sarcom ere is  red u ced , and hence where there  are few er p o ssib le  
in terac tion  s i te s .  F ig. 1 ,8  show s the re su lts  they  ob ta ined . It is  
c le a r  th a t although the shape of the  Tj and T2 curves is  not changed 
by the  procedure^the v a lu es  for T% and Tg for a given length  s tep  are  red­
uced in proportion to  the  reduction in the amount of filam ent overlap .
As a re su lt , it would be safe  to assum e th a t the observed tran sien t 
effec ts  are properties of the  c ro ss-b rid g es  and in w hat fo llo w s , the 
com pliance of the  filam ents and Z lin e s  are considered  sm all enough 
to  be d isregarded .
In terpretation  of the  ten sio n  responses to  s tep  changes of le n g th . It 
is  convenient to  consider the behaviour of the  m uscle during each  of 
the  four s tag e s  a lready  d e sc rib e d , and then to  compare the  various 
exp lanations which have been offered to  account for them :
Stage 1: .  H uxley & Simmons attribu te  the sim ultaneous fa ll of 
tension  to  a rapid change of leng th  in an e la s tic  component which 
forms part of each  c ro ss -b rid g e . In view  of the rap id ity  of the  ev en t, 
it is  suggested  th a t no appreciab le  change in the  number of c ro ss ­
bridges ( i . e .  no attachm ent or detachm ent) o ccu rs . T heoretica lly , 
no a lte ra tio n  in the  leng th  of any other c ro ss-b rid g e  component should 
occur during th is  s ta g e , but very  abrupt s tep s  m ust be applied  if the
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changes responsib le  a re  to  be separated  from th o se  thought to  be 
responsib le  for the even ts  observed during the next s ta g e , ( 2 ) .
Stage 2: The rap id , early  ten sio n  recovery is  to  some extent 
p redicted  by H uxley 's  1957 th eo ry , b ecause  rapid shortening must 
re su lt in the  detachm ent of c ro ss -b rid g es  which have been d isp laced  
to a position  w here they  develop negative ten sio n  ( i . e .  to  the  le f t of 
0 , F ig. 1 .3 , )  . H ow ever, the theory does not account for the  ra ther 
abrupt tran sitio n  from rapid early  recovery to  the more gradual recovery 
or reversal which is  seen .
As shown in Fig, 1 .7  the  ten sio n  le v e ls  reached following a s tep  
change of leng th  ( T^ ) and a f te r  rapid early  recovery  ( Tg ) vary with the  
s iz e  of the app lied  s te p . Curve T  ^ shows an alm ost l in e a r  dependence 
on the  am plitude of the leng th  ch an g e , only dev ia ting  appreciab ly  from 
a s tra igh t lin e  for la rge  r e le a s e s , where the value of T  ^ approaches 
zero . It has  been shown th a t the  more rapid the  length  s te p , the more - 
c lo se ly  the curve approaches a stra igh t l in e ,  so  th a t in proposing a 
model to  f it th e ir  o b se rv a tio n s , H uxley & Simmons assum ed the Tj 
curve to  be lin e a r  and to  have a fin ite  in tercep t on the d isp lacem ent 
ax is  under 'id e a l ' experim ental cond itions. The curve T2 , which shows 
the  tension  lev el approached during quick recovery , is  concave down­
w ards for re le a se s  and upwards for s tr e tc h e s , and is  alm ost fla t when 
th e  length  s tep s  are sm all.
F in a lly , the  speed of rapid recovery becom es g rea te r as  the  s iz e  of 
re le a se  in c re a se s , but le s s  w ith increasing  s iz e  of s tre tch . This is
1.6
1.4
1.2 
1.0
c/î
ë  0.8 
0.6
0.4
0.2 ■
-4 - 2  . 0 +2 + 4 ■*6
Fig, 1 ,9 .  Changes in the  ra te  constan t for the quick recovery  p h a se , 
following 's te p ' changes in length  of d ifferent s iz e .  The amjplitude of 
the  applied length  changes (bo th  s tre tch es  and re le a se s )  is  given in 
nm per half sarcom ere on the  a b s c is s a ,  (From H uxley & Simmons, 1973.)
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c learly  illu stra ted  in F ig. 1 ,9  in which the  rate co n stan ts  for rapid 
recovery are plotted  ag a in st the  s iz e  of the  length  s te p .
Stage 3; The extrem e reduction or reversal of the  ra te  of recovery 
of ten sio n  during th is  s tag e  is  d ifficu lt to  account fo r. H ow ever, if 
some m odifications are made to  the  values of the ra te  constan ts  for 
c ro ss -b rid g e  attachm ent and detachm ent ( f  and g in  H uxley 's  1957 
theory) it is  p o ssib le  to  ach ieve a condition in w hich a delayed fa il 
of ten sio n  would occur follow ing re le a se . If the  value  of g in c reases  
a fte r a shortening s te p ,  w hile f does not have tim e to  change, a net 
d ec line  in tension  w ill re su lt ,  and any influence w hich tends to  d e lay  
c ro ss -b iid g e  reattachm ent w ill make the  effect more pronounced, and 
tension  w ill fall further before s tag e  4 returns it to  the  isom etric  lev e l *
Stage 4 ; During th is  s ta g e , c ro ss-b rid g es  undergo a number of 
cy c les  of detachm ent and reattachm ent a t positions further along the  
filam en t, and so m uscle ten sio n  returns to  th e  sam e lev e l a s  before 
th e  applied  length  change.
Huxley & Simmons' c ro ss-b rid g e  m odel. To account for the  tra n sien t 
behaviour of muscle^Huxley & Simmons made two b a s ic  assum ptions 
about the c ro ss -b rid g e s .
(A) The movement of a c ro ss-b rid g e  w hile it is  a ttached  to  the  
ac tin  filam ent tak es  p lace  in a number of d isc re te  s te p s ,  from one.to  
th e  next of a se rie s  of s tab le  positions w ith p rog ressive ly  low er pot­
en tia l energy.
AB
C
0
Fig. 1 .1 0 . A. Diagram of the  po ten tia l energy in the force generating 
elem ent (1 ) ,  assum ing 3 s tab le  p o s itio n s . A bscissa  is  the  leng th  of 
elem ent i ,  Li,
B. Time average of the po ten tia l energy curves shown in 
F ig. 1 .1 0 .A, plotted  ag a in s t the  tim e average of
C , The si,ope of B, which rep resen ts  the  ten sio n  generated 
by the tendency  of the  elem ent to  spend more tim e in positio n s of low er 
potentia l energy.
D. T]^, is the assum ed lin e a r , length  /  ten sio n  re la tion  of 
e la s tic  elem ent i i ,  T2 , is the  leng th  /  tension  re la tion  obtained by 
combining , in s e r ie s , the  T^ lin e  and the  curve C.
( From Huxley & Simmons , 1973 .)
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( B) There e x is ts  w ithin each  cro ss-b rid g e  an Instan taneous 
e la s tic ity  which perm its it to  move from one s tab le  position  to  the 
next w ithout sim ultaneous d isp lacem ent of the  a c tin  and m yosin 
filam ents re la tiv e  to  one ano ther.
The structures resp o n sib le  for the  above changes m ust be thought
of as  being in se rie s  and thus re la tiv e  movement of the filam ents 
\m u s t\i ;e s u lt^  a  change in the  leng th  of e ach . The c ro ss-b rid g e  can 
therefore be dep ic ted  by i) an elem ent which genera tes  force a s  a 
re su lt of its  tendency  to  move to  positio n s of low er po ten tial energy , 
the  movement tak ing  p lace  a t a fin ite  ra te ,  and ii)  a p a ss iv e  elem ent 
with in stan taneous e la s tic  p ro p e rtie s , ly ing  in se rie s  w ith the  force 
generating elem ent.
W hen considered in conjunction with assum ptions A and B^such 
a model shows the kind of nonlinear responses to  s tep  leng th  changes 
observed in experim ents With real fibres (H uxley & Simmons, 1971 b ) .
The s tab le  p ositions which the  force generating elem ent (1 ) is  capab le  
of adopting can  be represen ted  in  the  form of a po ten tia l energy diagram . 
F ig. 1,10.A shows the po ten tia l energy in the elem ent in each  of the 
s tab le  po sitio n s  it is  capab le  of adopting . Under the influence of 
therm al ag ita tion  the  c ro ss  bridge jumps betw een one position  and 
ano ther, the amount of tim e spen t in each  being dependent on the 
ten sio n  in i i ) , the  in s tan tan eo u s e la s tic  connection . When the tim e 
average of the po ten tia l energy in elem ent i) is  p lo tted  ag a in s t i ts  leng th  . 
a curve of the form shown in F ig. I.IO .B  is  o b ta ined . The change in
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Fig, 1 ,1 1 , The dependence of the  rate constan t for early  recovery, 
on the  s iz e  of the s tep .
A, Potential energy diagram  for positio n s 1 and 2 of F ig . 1 ,1 0 , A
B, Potential energy / leng th  diagram .for the  in stan taneous 
e la s tic  e lem ent.
C , Sum of A and B , giving the to ta l po ten tia l energy in the 
cross "bridge a s  a function of ( in  the  c a se  where the to ta l length  
of the cro ss-b rid g e  is  constan t i . e .  no re la tive  movement of the 
filam ents), B  ^ and B2 refer to  the  ac tiv a tio n  energ ies for the  tran sitio n  
from position  2 to 1 and 1 to  2 re sp ec tiv e ly , W is  the  energy stored
in the e la s tic  elem ent and E is  the  depth  of the  po ten tia l energy w e l l , 
which co n s titu tes  a s tab le  p o sitio n ,
(From H uxley & Simmons, 1973 ,)
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slope of th is  curve rep resen ts  the  leng th /tension  c h a ra c te r is tic s  of 
th e  force generating  e lem ent, Fig*. I .I O .C , Since it is  in se rie s  w ith 
an in stan taneous e la s tic  elem ent (assum ed to  be H ookean),the le n g th /  
ten sio n  diagram  for both the cro ss-b rid g e  elem ents ( i  and ii)  is  given 
by the  curves and Tg in  F ig , 1 ,1 0 ,D , which resem ble c lo se ly  the 
exp^^m ental ô ^ ^ e s  obtained  w ith m uscle f ib re s ,
F ih a i iy ^ h e  dependence of the  rate  constan t for rapid recovery on 
the  s iz e  of the  leng th  s tep  can be explained by the  m odel. C onsider 
the  s tab le  s ta te s  1 and 2 , where the rate  constan t for rapid recovery 
is  proportional to  the  s iz e  of the  po ten tia l energy s tep  required in going 
from s ta te  1 to  s ta te  2 , F ig , 1 ,11 shows th a t the  s iz e  of th is  s tep  is  
influenced both by the  depth of the  energy w ell which c o n s titu te s  the 
s ta b le  position  and by the  energy developed in the  e la s tic  link  in 
making the tra n sitio n  from 1 to  2 , C learly  the  depth of the w ell does 
not a lte r  during s tre tch  or re le a s e ,  but the energy in the link  is  d ep ­
endent on i ts  le n g th , C onsequen tly , the ac tiv a tio n  energy for the 
tran sitio n  from 2 to  1 is  unaffected by the leng th  change , but th a t 
from 1 to  2 is  d ecreased  by a re lea se  and in creased  by a s tre tc h . Thus 
a s tep  d ec rease  in length  in c rea se s  the  rate of rapid recovery and a 
s tep  in crease  in length  d e c re a se s  i t ,  a s  is  seen  in ac tu a l m uscle f ib re s .
The Podolsky -  Nolan c ross bridge m odel. In H ux ley 's  1957 theory 
it is  implied th a t the ra te  constan t for the attachm ent of c ro ss -b rid g es  ' 
( f)  is  re la tiv e ly  sm all, and th u s ,  a s  the speed of m uscle shortening
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Fig, 1 ,1 2 , A, Diagram of Podolsky & N olans' sy stem , in which 
X and 0 are the  same a s  in F ig, 1 ,2 ,
B, Probability  of making a b ridge , f and breaking a 
b ridge , g , for d ifferent v a lu es  of x .  Compare with H uxley 's  F ig ,1 ,3 ,
C , D ependence of the mean force (k ) on x .
The ordinate sc a le s  in B and C may be trea ted  a s  a rb itra ry .
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Fig ,l ,1 3 , Variation in the d istribu tion  of c ro ss-b rid g e  leng ths during 
con trac tion , for various force s te p s . Tension im m ediately a fte r  each 
step  is given on the le f t .  Areas enclosed  by continuous lin e s  are the 
steady  s ta te  d istribu tion  of c ro ss-b rid g e  len g th s . Shaded a reas  should 
be d isregarded for the  purpose of th is  d isc u s s io n , (From Podolsky & 
N olan, 1973 ,)
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in c reases  , a g rea te r proportion of the c ro ss-b rid g es  are unable to  
a ttach  and do not contribute to  the  overall m uscle ten sio n  (F ig , 1 ,4 ) ,  
Experiments made by Podolsky (1960) and Civan & Podolsky (19 66) , 
in which s tep  reductions of force produced v e lo c ity  tra n s ien ts  sim ilar 
to  those  reported by Armstrong, H uxley & Julian ( 19 66) , led  Podolsky 
& Nolan ( 1971 ) to  modify H uxley 's  orig inal ( 1957) theory in a way which 
accounts for the tra n s ien t behaviour. It w as n e c e ssa ry  to  ad ju st the 
v alues of f and g , the  ra te  co n stan ts  for form ation and detachm ent of 
c ro ss-b rid g es  re sp ec tiv e ly . F ig , 1 ,12  shows how the rate  co n stan ts  
f and g change as the ac tin  ac tiv e  s ite  moves to  the right and le ft of 
the position  (O ) a t which the  net force in the  linkage is  ze ro . It can  be 
seen  th a t g rem ains sm all for a ll positions of the  s ite  to  the right of a 
point 6 . 3 nm to  the  le f t  of O , beyond which it in c reases  ab rup tly , (In  
c o n tra s t, the value of g in H ux ley 's  1957 theory r is e s  to  a high lev e l at 
O, ) This ab ility  of c ro ss -b rid g es  to retain  con tac t under a large  neg­
ative force is  an im portant fea ture  of Podolsky & N olans' explanation  
of the  fo rc e /v e lo c i ty  re la tio n sh ip  of m uscle . F ig. 1 ,13  il lu s tra te s  the 
d istribu tion  of c ro ss-b rid g e  leng ths which they  predict fo llow ing,various 
s tep  changes of lo a d , perm itting shortening at d ifferent sp ee d s . Under 
isom etric co n d itio n s. F ig. 1 ,13  (P = Pq) , a ll c ro ss-b rid g es  are in p o s­
itions to  the right of O and are thus under p o sitiv e  te n s io n , but w ith 
increasing  speed of sho rten ing , the  c ro ss-b rid g e  population sh if ts  to  
the le ft so th a t some are under negative ten sio n  and the net ten sio n  lev el 
is reduced . U ltim ately , when the  force s tep  reduces ten sio n  to  z e ro , the
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force contribution from c ro ss-b rid g es  to  the  le f t of O i-s equal to  
th a t from th o se  on the righ t.
This whole argument re s ts  on the  assum ption th a t c ro ss-b rid g e  
cycling is  very  rapid and th a t , regard less  of the  speed with which 
the  filam ents move re la tiv e  to  one ano ther, the probability  of a tta c h ­
ment is  so  high th a t when an a c tin  s ite  p a s se s  a m yosin p ro jec tio n , 
a c ro ss-b rid g e  is  alm ost invariab ly  formed. This can  then  account 
for the  high probability  of c ro ss-b rid g es  ex is tin g  over the  6 ,3 n m  range 
to  the  le ft of O , even a t high v e lo c itie s  of filam ent movement,
Podolsky & Nolan propose an explanation  for th e  tra n sien t m echan­
ica l properties of m uscle w hich d iffers considerab ly  from th a t of 
H uxley & Simmons,. Their account of the  even ts w hich occur during 
and im m ediately a fte r  a s tep  reduction in m uscle leng th  can b es t be 
sum m arised by a c ro ss-b rid g e  d istribu tion  diagram  of the kind shown 
in F ig, 1 ,1 4 , Before th e  s tep  is  ap p lied , the  d istrib u tio n  is  th a t which 
corresponds to  the  s tead y  isom etric  tension  (F ig , 1 ,1 4 , 1). The app­
lic a tio n  of a leng th  s tep  d isp la c e s  the whole population to  the  le f t 
w hich re su lts  in a drop of ten sio n  a s  a lready  described  (Fig, l , 1 4 . i i ) .  
F in a lly , c ro ss-b rid g e  tu rnover, and the  attachm ent of some of those  
c ro ss-b rid g es  which prev iously  had no s ite  for attachm ent in the iso ­
m etric s ta te ,  brings about a red istribu tion  of the c ro ss-b rid g e  population 
and an in c rease  in ten sio n  (F ig , 1 ,1 4 , i l l  ) ,
T^i^ie^inci^^ d iffe re n c es , th e n , betw een th is  model and th a t of 
H uxley & Simmons may be sum m arised as  follow s ,
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1) À small shortening s tep  cau ses  the c ro ss -b rid g es  to  ch an g e , 
alm ost in s tan tan eo u s ly , from a condition in which they  exert considerab le  
force (isom etric  ten sio n ) to  one in which they  exert l i t t le  force (T j ) ,
by a) shortening of the in stan tan eo u s e la s tic  elem ent in each  c ro s s -  
bridge (H uxley  & Simmons.) ; or b) red istribu tion  of the whole c ro s s ­
bridge population to  a position  w here the  net force is  g rea tly  reduced 
(Podolsky & N o lan ),
2) Im m ediately following the  shortening step^tension  is  p a rtia lly
regenerated  by a) s tep w ise  movement of the  force generating elem ent
in each  cross-b ridge ,re-esttend ing  the  in stan taneous e la s tic  e lem en t,
w ithout appreciab le  detachm ent or attachm ent of c ro ss-b rid g es  (H uxley
& Simmons) ? o r, b) red istribu tion  of the whole c ro ss-b rid g e  population
by a p rocess of rapid cycling to  a position  where the  net force is
in c re a se d , and by the attachm ent of th o se  c ro ss-b rid g es  w hich , due \  - \  '
to  u î\a v a ila b ü i^  of a c tin  s i t e s , were previously  unattached  ( Podolsky 
& Nolan ) ,
C lea rly , th is  la s t  s ta tem ent (2b) im plies tha t the to ta l number of 
a ttached  c ro ss-b rid g es  ought to  be g rea ter follow ing rapid re le a se  
than  at peak isom etric  te n s io n , and therefore the m uscle should show 
a higher s tif fn e ss , Ford, H uxley & Simmons (1974) have dem onstrated  
th a t th is  is  not the c a s e .  They applied a quick re le a se  to  a te ta n ised  
fib re , allow ed rapid recovery  to  occu r, and then  applied  a s tep  in crease  
in len g th . The ten sio n  generated  by the  s tre tch  w as m arginally  le s s  
than  th a t produced by the  same leng th  change applied  a t the  peak  of
:::
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F ig , 1 ,1 4 . A means of ca lcu la ting  tension  redevelopm ent, following 
's te p ' changes in len g th . D istribution functions ( le f t ,  shaded a re a s )  
and filam ent configurations (rig h t) a t :
i) the in itia l le n g th , im m ediately before the  ten sio n  s tep  ;
ii) ju st a fte r  the ten sio n  s tep  ;
iii) a fte r ten sio n  h as  redeveloped’; the  lined  area  show s the
d istribu tion  a t a s ta g e , in term ediate betw een ii and i i i ,  w hile ten sio n  
redevelopm ent is  occuring .
€ is  a p ass iv e  e la s tic  e lem en t, ly ing  in se rie s  with the filam ents,
( From Podol&ky"VSrRoian,\l973, )
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an is^nrétricN :etanus, and so it must be concluded th a t no in c rease
A(and p æ s tb ly  a sm all d ec rea se )  in the number of a ttached  c ro s s -  
bridges tak es  p lace  during the  early  recovery p h ase .
It is  d if f ic u lt , in the  lig h t of th is  result^to se e  how Podolsky & 
N olans' m odel, a s  it  s ta n d s , can provide an accep tab le  explanation  
of rapid early  recovery? th is  does not n ec e ssa rily  imply th a t H uxley 
& Simmons' model is  the only explanation  of the phenom enon, or 
th a t a model which perm its some degree of c ro ss-b rid g e  detachm ent 
and reattachm en t, is  ruled o u t.
A model for m uscle con traction  by Ju lian , Sollins & S o llin s . A recen t 
model based  on the  observations and in terp re ta tions of H uxley & 
Simmons (1 9 7 1 b ) h as  been p resen ted  by Ju lian , Sollins & Sollins 
(1 9 7 3 ). I ts  fundam ental p roposals are th a t the attachm ent and force 
generating s tep s  are com pletely  separate^in  th a t there  is  no force in 
the  lin k  when the  c ro ss-b rid g e  f irs t a ttach es  to  the  ac tin  filam ent.
They suggest th a t force is  generated  follow ing attachm ent by an  abrupt 
conform ational change or 'f l ip ' of the force generating part of the  c ro ss ­
bridge. This is  capab le  of a ttach ing  to  the th in  filam ent a t only one 
( a )  of two s tab le  p ositions and only when there  is  no ten sio n  in the  
e la s tic  link  of the c ro ss -b rid g e . Once a tta c h e d , a c ro ss-b rid g e  may 
'f lip ' reversib ly  to  the  second stab le  s ta te  (b ) causing  ex tension  of 
an e la s tic  link  and the developm ent of ten s io n . In add itio n , it is  
only p o ssib le  for detachm ent to  take p lace  from the b s ta te .
BFig. 1 .1 5 . Potential energy diagram  for the force generating e le m en ts , 
analogous to  F ig. 1.11 .C ,  in H uxley & Simmons schem e. The energy 
w ells  are lab e lled  a and 3 , corresponding to  the  two s tab le  s ta te s  a and 
b ,  proposed in th is  m odel. As in F ig , l . l l . C ,  the work term for ex ten ­
sion of the e la s tic  lin k  is  only e ffe c tiv e , when it is  p o s itiv e , in opposing 
th e 'f lip ' from a to  b , and when it is  n e g a tiv e , in opposing the 'f lip ' from 
b t o a .  (From Julian e t a l ,  , 1973. )
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—  w elX ^oes the  model predict the behaviour of rea l m uscle
fibres-gm t53^ted to  abrupt length  changes ? The dependence of the  
ra te  constan t for rapid recovery on the s iz e  of the  length  s tep  can 
be explained by an argument sim ilar to  th a t put forward by H uxley 
& Simmons. The probability  of a ’flip ' from the  unloaded s ta te  (a )  
to  the  loaded s ta te  (b ) is  dependent on the  ac tiv a tio n  energy for the  
step ,w hich  is  given by the depth of the energy w ell which co n s titu te s  
the s tab le  position  and a term for the work ( W) required to  extend 
th e  e la s tic  lin k . It can be shown (F ig . 1 .1 5 ) th a t only when it  is  
p ositive  does the work term influence the  ac tiv a tio n  energy for the 
s tep  from a to  b . C onversely , only when it is  negative does i t  influence 
the s tep  from b to  a . C onsequently , when W is  made more p o s itiv e , 
follow ing an applied  s tre tc h , the ac tivation  energy for the force gen­
erating  s tep  a to  b is  in creased  and when it  is  made le s s  p o s itiv e , 
during a re le a s e ,  it  is  reduced . Since the  ra te  co n stan t for the  s tep  
a to b is  in v erse ly  re la ted  to  the  exponential function of the ac tiv a tio n  
energy , the  ra te  constan t for rapid recovery would be predicted  to  
show the  same (roughly exponential) dependence on the  s iz e  of the  
step^as is  found experim entally .
The model does hot perm it the ex is ten ce  of a ttached  c ro ss-b rid g es  
in any s ta te  o ther than  a and b for any appreciab le  length  of tim e , and 
so the  s tead y  isom etric  d istribu tion  of c ro ss -b rid g es  is  dep ic ted  by 
two s p ik e s , one represen ting  the component of the c ro ss-b rid g e  pop­
u la tion  in the  a s ta te ,  where link  ex tension  is  ze ro , and ano ther
■ .  - j
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rep resen ting  th e  com ponent' in s ta te  b , where the  lin k  is  ex tended . 
M ovements of the filam ents w ill re su lt in both population sp ik es  being 
spread out e ith e r tow ards sm aller lin k  e x te n s io n s , in the c a se  of 
sho rten ing , or tow ards g rea te r lin k  e x te n s io n s , in the  c a se  of the 
m uscle being s tre tched  ; the degree of spreading is  dependent both 
on the  speed  of movement and on the  ra te  co n sta n ts  for c ro ss-b rid g e  
form ation and detachm ent.
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A structural b a s is  for c ro ss-b rid g e  m odels .
Biochemical s tu d ies  of the  m yosin m olecule have shown it to  be a rod 
sh ap ed , two chain  a -h e l ix ,  about ISOnm in len g th , w ith a g lobular 
region a t one end (Low ey, G o ld ste in , Cohen & Luck, 1968? Lowey, 
S lay te r, W eeds & Baker, 1969), The ac tin  binding s ite s  of the  m olecule 
and its  ATPase ac tiv ity  have been shown to  be a sso c ia te d  with th is  . 
g lobular reg ion . At two poin ts along its  leng th  th e  myosin m olecule 
is  h igh ly  su scep tib le  to  th e  ac tio n  of p ro teo ly tic  enzym es. Trypsin 
h as  the  effect of c leav ing  the m olecule a t a position  about 6 0 nm from 
i ts  g lobular en d , known as  th e  heavy  meromyosin end ( H M M ) , leav ing  
aboi^t 9 0 nm d ^ h e lic a l ch a in , the  so ca lled  lig h t meromyosin ( L M M ) , 
rem airïîîîgT^LMM is  capab le  of aggregating under physio log ical con­
d itio n s  into long f ila m e n ts , w hich has lead  to  th e  conclusion  th a t it 
forms th e 'b a c k -b o n e ’ of th e  in tac t myosin filam en t. HMM can be 
further sp lit  by p ap a in , which d e tach es  the g lobular fragment of HM M, 
known a s  the  Sj subun it. The rem ainder of the m olecu le , the sub­
u n it, resem bles LMM stru c tu ra lly  but it does not form a g g re g a te s , 
e ith e r on its  own or w ith lig h t meromyosin. This property su g g ests  
th a t in the  in tac t m yosin filam ent th is  part of the  m olecule is  not bound 
tig h tly , enabling  the  HMM component to  hinge outw ards tow ards the 
ac tin  filam ent (Low ey, S lay te r, W eeds & Baker, 1969) ,
Evidence for th is  is  found in the equatoria l X -ray d iffraction  p a tte rn . 
The re la tiv e  in te n s ity  of th e  two principal re flec tio n s produced by the
Thick  f i lam en t
LMM S-2
S-1
 :----------
Thin  f i lam en t  —
Fig. 1 .1 6 . A model of the  cro ss-b rid g e  by H. E.  H uxley ( 1969) ,  Relative 
movement of the  filam ents re su lts  from a tendency  for the  the  8^ subunit of 
HMM to  undergo a change of o rien ta tio n , w hile a ttach ed  to  the  th in  filam ent.
Thick filament
Thin filament
Fig. 1 . 17 .  Diagram of the  c ro ss -b rid g e , incorporating the  fea tu res  
used by A .F. H uxley & Simmons (1971 ) a s  a structural b a s is  for 
th e ir  theory . The m yosin head (H ) is  connected to  the  th ick  filam ent 
by an undamped e la s tic  link,AB. Solid lin e s  show the  head position  
w ith s ite s  MiAi and M2A2 a tta ch ed ; broken lin e s  show po sitio n  with 
M2A2 and M3 A3 a tta c h e d .
31
filam ent la t t ic e  re v e rse s , which suggests  tha t a la rge  m ass of 
m a te ria l, norm ally a sso c ia ted  w ith the  th ick  filam ents in  restin g  
m u sc le , is  transferred  to  the  ac tin  filam ent when a m uscle goes 
in to  rigor. The m ost probable explanation for th is  change is  th a t i
when a m uscle is  a c t iv a te d , the  Sg-HMM component of th e  m yosin 
m olecule sw ings outward from the  filam ent, carrying with it  the 
su b u n it, thereby allow ing i t  to  engage w ith an ac tiv e  s ite  on the 
ac tin  filam en t. By th is  m eans, the c ro ss-b rid g e  is  capab le of forming 
a linkage over a w ide range of filam ent spacings ( 4 .0 - l l .O n m )  and 
the  S-j^  subunit is  alw ays ' offered-up' to  th e  a c tin  filam ent a t the  
appropriate an g le ,
H .E , H ux ley 's  (1969) model of a c ro ss  bridge incorporates such 
a flex ib le  lin k ag e , He proposed th a t the  force generating po ten tia l 
of the  c ro ss-b rid g e  re s id es  in a tendency for th e  8  ^ subunit to  a lte r  
i ts  angle  of attachm ent w hile s ti l l  in con tact w ith the ac tin  filam en t, 
and th a t the  resu lting  force is  transm itted  to  the  m yosin filam ent 
through the  in ex ten sib le  So subunit (F ig , 1 ,1 6 ) ,  This w as used  by 
H uxley & Simmons (1971a) a s  the  b a s is  for th e ir  model of th e  c ro s s -  
b ridge . A number of m odifications to  H .E  . H ux ley 's  model to  render 
it com patible w ith th e ir  experim ental find ings,w ere  n ecessa ry  t
1) . The lim ited  number of s tab le  positio n s required for H uxley 
& Simmons' model corresponds to  the d ifferen t angu lar o rien ta tions 
of the  m yosin head re la tiv e  to  the  ac tin  filam ent,
2) Any two co nsecu tive  s ite s  on the  m yosin head  ( ,.M2 ,M 3 ,M ^)
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when combined to  the  two corresponding s ite s  on the  ac tin  filam ent 
( Af/Ag/A3 /A4 ) , c o n s titu te s  a s tab le  lin k ag e ,
3) The e la s tic  elem ent of the  cro ss-b rid g e  is  probably lo ca ted  
in the 8 ^ subunit which connects the myosin head to  the  th ick  filam ent.
F ig. 1 ,17  is  a d iagram atic  rep resen ta tion  of H .E , H ux ley 's  (1969) 
model incorporating A .F. H uxley & Sim m ons'm odifications. Although 
th e  AB lin k  is  thought to  be the  m ost lik e ly  s ite  of the in stan taneous 
e la s tic i ty  of the  c ro s s -b r id g e , it should be pointed out th a t th e  head 
i ts e lf  may be e x te n s ib le , or th a t it is  a property of the  region where 
the  head in te rac ts  w ith the  a c tin  filam ent. The s ite  of th e  s tep w ise  
movement of the  c ro ss-b rid g e  is  a lso  uncerta in  and may be a property 
of th e  head or of the  ac tin  ac tiv e  s i te .
The model shown in Fig. 1 .17  affords a structu ra l b a s is  for H uxley 
& S im m ons'proposals and w ith a m odification to  the number of s tab le  
p o s itio n s , the model of Julian e t a l a lso . Since Podolsky & Nolan 
do not propose any step w ise  movement of the c ro ss -b r id g e , a more 
sim ple structural m odel, lik e  H .E . H uxley 's  original one of 1969, 
could account for th e ir  in terp re ta tibn  of m uscle tra n s ie n ts .
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Scope of the  p résen t s tu d y .
The worîc to  be described  is concerned with the e ffec ts  of servo controlled 
length  changes (s tre tc h e s  and re le a se s )  on the  ten sio n  produced by con­
trac ting  frog 's  m uscle . It d iffers  from recent work of th is  kind in two 
important re sp e c ts .  F ir s t , re la tiv e ly  slow  s tre tch es  and re le a se s  were 
em ployed; and seco n d ly , movements of the ac tin  and m yosin filam ents 
were monitored sim ultaneously  w ith m uscle ten sio n  by cine photography 
of la s e r  d iffraction  spec tra  produced by the sa rco m eres , It w ill be seen  th a t 
meaningful re su lts  can be obtained  only when considera tion  is  given to the  
question  of how much of the  ex ternal length change applied  to  the ends 
of the m uscle is  absorbed by the  sarcom eres. The a lte rn a tiv e  approach 
to  the problem , th a t of leng th-c lam ping  the sarcom eres (e g . by m eans 
of a spot “follow er dev ice lik e  th a t used by G ordon, Huxley & Ju lian ,
1966b) and of studying the  ten sio n  responses from controlled perturbations 
of sarcom ere length  w as not u s e d , because  it is tech n ica lly  much more 
d ifficu lt w ith a whole m uscle . Some considera tion  is  given la te r  ( Chapter 
VIII ; D iscu ssio n ) to  a dev ice  which might be gainfully  employed in future , 
work with whole m uscles , using  a pho toelectric  positional d e tec to r to  
monitor con tinously  movements of the d iffraction  spectra ,incorporated  in 
a negative feed -b ack  c ircu it to  control the d isp lacem ent tran sd u cer.
The re su lts  have provided information which perm its some sp ec ific  
conclusions to  be reached concerning the  physica l properties of the c ro s s -  
bridges and some sp ecu la tiv e  suggestions concerning the structure  of
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the ac tin  active  reg ions. In add itio n , they offer important c lues about
m the nature of the temporary bonds which must be formed, when actin  and 
myosin Interact during contraction .
Preliminary accounts of some a sp ec ts  of the work have been presented 
to the Physioloical S ocie ty ; F litney & H irst (1 9 7 4 ), F litney & H irst (1975a, 
b ), FUtnoy, H irst & Stephens (1 9 7 5 ).
I '
! • '  !•
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' CHAPTER II
MATERIALS AND METHODS .
Saitorius m uscles of th e  frog Rana tem poraria were used  in m ost of the 
experim ents. Frogs were obtained from Gerrard and H aig L td. and kept 
a t 4‘’C for severa l days before d is s e c tio n . D iseased  anim als were removed 
from the  tank  and w ere not used  in th e  experim ents.
Bathing so lu tio n . A so lu tion  w ith th e  follow ing com position w as used  
(mM) : N a C l, 115; KOI, 2 .5  ; Ga CI2 , 1 .8 ; Na HCOg, 5 .0  ; pH 7 .3 .
The so lu tion  w as oxygenated continuously  throughout th e  experim en ts.
Stim ulation. M uscles w ere stim ulated  by p assin g  current through two
para lle l p la te  platinum  e lec tro d es  of dim ensions 4 cm x  0 .6  cm ,, positioned
—T ’on e ith er s ide  of th e  m u sc le . Square p u ls e s , a t an in ten sity  of 12V .cm  
w ere u sed . The duration  of each  p u lse  w as 0 .5 m s  (s in g le  shocks) and 
0,1 ms ( te ta n ic  s tim u la tio n ). The stim ulation  param eters were chosen  
to  comply with the recom m endations of Rudel & Taylor ( 1969 ) .  The fre ­
quency of stim ulation  varied from 15 -  100 Hz over th e  tem perature range 
from 0°G -  23®G and th e  po larity  of th e  e lec tro d es w as reversed  w ith a lte r­
nate  shocks to  m inim ise p o larisa tion  e ffe c ts . At le a s t  te n  m inutes recovery 
jfcime w as allow ed betw een su cc e ss iv e  te ta n i and under th e se  conditions no 
deterio ra tion  in the  perform ance of the  m uscle ocoured during the  experim ents
Wave­
form
generator
Comparator
Fig. 2 ,1 .  Schem atic rep resen ta tion  of the ap p ara tu s . P , 
ten sio n  recorder; C , m uscle cham ber; S , sc re e n ; B, Bolex 
H 16M c in e-cam era ; M , m irror; PD , pho toelectric  d isp la c e ­
ment sen so r; F , vane to  interrupt lig h t beam ; L , H e-N e ■ 
lase r; LA, v ibra tor unit ; O , o sc illo sc o p e .
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Apparatus
M uâcies w ere suspended  v e rtic a lly  in a narrow, g la s s - s id e d  cham ber 
containing R inger's so lu tion , (Fig, 2 ,1 ), The tlb ia l tendon w as a ttach ed  
by a fine gold p la ted  chain  to  a ten sio n  recorder and th e  p e lv ic  end of the 
m uscle , re tain ing  a sm all p iece  of p e lv ic  bone, w as held  In a loop 
formed a t one end of a  platinum  rod . The rod w as connected  a t its  low er 
end to  an electrom agnetic  d isp lacem ent tran sd u cer. Cooling of th e  ' 
cham ber w as effected  by a therm oelectric  module (type 12-15 G, De La Rue 
F rig is  to rs L td .) clam ped to  th e  s id e  of the  cham ber. The tem perature of 
th e  bathing so lu tion  w as m easured continuously  throughout th e  experim ent 
by m eans of a therm ocouple positioned  c lo se  to  the  m uscle; in a ll 
experim ents, tem perature,w as m aintained a t 0 -1:0 . 1”G u n le ss  o therw ise 
s ta te d . Thorough mixing of th e  so lu tion  w as ach ieved  by bubbling 
oxygen through the  cham ber.
Length c h a n g e s . C hanges of m uscle  length  w ere produced by a moving 
co il e lectrom agnetic  unit (Ling-Altec v ibra tor, model 201), contro lled  by a 
servo-am plifier incorporating positio n a l and v e lo c ity  fe e d -b ac k . D is­
placem ent w as m onitored by a p h o to -e le c tric  d ev ice , com prising a ligh t 
source , a vane a ttach ed  to th e  platinum  rod and two s ilico n  pho tod iodes, 
(Ferranti, type MS lAE). The system  w as driven by a wave-form  generator 
(Servomex LF 141), perm itting vo ltage ramps of v ariab le  speed  and 
am plitude to 'b e  app lied  to  th e  leng th  tran sd u cer. L inear length  changes 
of up to  1 .5  mm could be made in le s s  than  10 m s.
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Tension reco rder. A variab le  cap acitan ce  gauge s im ila r to  th a t described  
by A .F, Huxley & Simmons (1968) w as used to  record m uscle te n s io n .
The natural frequency of the  recorder w as approxim ately 2 k Hz and the  
com pliance of the whole system  w as 0.1 |am.mN“ ^ . The output of the 
cap acitan ce  bridge am plifier w as d isp layed  on one channel of a dual -  
beam storage o sc illo sco p e  (Tektronix 5103 N) ; th e  applied  leng th  ch an g e , 
a s  recorded by the d isp lacem ent monitoring d e v ic e , w as d isp layed  on 
the  o ther channel.
L aser d iffraction  system . M easurem ent of sarcom ere le n g th s . The 
c h a rac te ris tic  banding pattern  of verteb rate  sk e le ta l m u sc le , produced 
by a l - te n ^ e ^ re g ià ^  of re la tiv e ly  high (A band) and low (I  band) refractive 
in d e x ,c a u se g -S ^ u sc le  to  ac t a s  a d iffraction  grating (Sandow , 1936a).T he 
d iffraction  pattern  produced when a p ara lle l beam of ligh t p a s se s  through a 
m uscle may be used to  m easure th e  mean repeat d is ta n c e  betw een th e  X 
b an d s , and hence the  sarcom ere sp ac in g . Sarcomere leng th  (S) may be 
ca lcu la ted  from the re la tio n sh ip  S = n X / s in  0 , w here n is  the order of 
the  d iffraction  l in e ,  the  w avelength  of the  lig h t and 0 is  the  angle 
betw een the zero and n^^ order l in e s .  The most d is tin c t patterns are 
produced by co h eren t, monochromatic ligh t and so  a la s e r  w as used  in 
a ll experim ents. M uscles w ere illum inated w ith a continuous wave 
Helium -  Neon la s e r  ( M étrologie ) w ith a power output of 3mW ; the 
beam diam eter w as about 1 mm. D iffraction p a tte rn s  w ere d isp layed  on
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a screen  and photographed a t 64 frames per second with a cine cam'era 
(Bolex H 16m m ), Kodak 4X film w as u sed , A system  of mirrors enabled 
the o sc illo sco p e  d isp lay  of m uscle tension  and applied length  changes 
to  be photographed sim ultaneously , A diagram of the op tical system  is 
shown in F ig, 2 ,1 ,  The technique perm itted m uscle te n s io n , overall 
m uscle length and mean sarcom ere length  ( w ithin the  area illum inated 
by the beam) to  be recorded w ith a time reso lu tion  of approxim ately 
15m s, The d iffraction  spec tra  from individual fram es of the cine film ''' 
were scanned w ith a V ickers Instrum ents (M 85) m icrodensitom eter 
and the d en s ity  profiles obtained were d isp layed  on a chart recorder. 
Traces produced by th is  method show sharp p e a k s , corresponding with 
the zero and firs t order d iffraction  lin es  (F ig , 3 .2 ) ,  Changes in sa r­
comere spacing  of * 0 . 2% could be d e te c te d , which is  equivalent to  a 
re la tiv e  d isp lacem ent of the  th ick  and th in  filam ents of -  2 . 5 nm.
Two synchronised D evices d ig itim ers (type 3290) were used to  • 
co-ord inate  e v e n ts .
5x10 '
N .m " ^
mm
L I
0 1 sec
Fig, 3 ,1 ,  O scilloscope tra c e s  of a l in e a r  'ramp and hold ' s tre tch  
of 1060pm (low er t r a c e ) , a t a v e lo c ity  of 4 ,2 4  m m .s”  ^ , during the  
p la teau  of an isom etric te ta n u s , • The ch a rac te r is tic  form of the 
tension  response ( upper trace  ) ,  showing in flec tions a t the points 
Si and $2 .
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CHAPTER III
TENSION CHANGES AND SARCOMERE MOVEMENTS DURING RAMP AND 
HOLD STRETCHES OF LARGE AMPLITUDE,
Part one. Tension re sp o n ses .
C h arac teristic  form of the  ten sio n  record . F ig , 3,1 is a typ ical record 
showing the n o n -lin ea r form of the  tension  increm ent produced by a ramp 
and hold s tre tch  of 1060pm (v e lo c ity , 4240pm ,s'* ) applied  to  a te ta n -  
ica lly  stim ulated  m u sc le . The m uscle w as se t up in the  cham ber a t its  
re s t leng th  (28 mm) and the  tem perature was m aintained a t 2 ,5 “C,
Three d is tin c t phases can be seen  in records of th is  kind ;
1 ) An early  phase (A) where ten sio n  r is e s  s teep ly  and in a lin ea r  
fa sh io n , for m uscle ex tensions of up to  4 0 -4 5  pm.
2 ) An in term ediate phase  ( B) for ex tensions g rea te r than  40 -  45 pm 
and lesi^ 'than  3 o \ç  350pm, during which ten sio n  r is e s  le s s  s teep ly  than  
in phase A,
and 3) A th ird , more variab le  phase  (C ) where ten sio n  may ac tu a lly  
f a l l ,  or a t b e s t,  show only a sm all in c rease .
The poin ts desig n a ted  and Sg F ig . 3 , 1‘ serve to  delim it th ese  
three phases : marks the tran sitio n  from phase A—►B and Sg the tra n s ­
ition  from phase B—►C,
It w ill be seen  la te r  th a t the  exact form of the  re sp o n s e , in p articu la r
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the  ten sio n  held by the  m uscle a t the  points Sj and S g , v a rie s  w ith
the speed of s tre tc h . It is  su ffic ien t for the p resen t to  note th a t a t
the tem perature used in the experim ent of Fig . 3 .1 ,  a s tre tch  v e lo c ity
of 4 .24  mm, s is  in the range ( above 3 .8  mm. s ) where the  form of
the response is  la rg e ly  independent of the speed  of s tre tch in g .
The amount of m uscle ex tension  to  and Sg can  be used to  estim ate
the re la tive  s lid ing  movement of the filam ents a t the lim its of p h ases
A and B, assum ing th a t th e se  amounts of ex tension  are w holly accounted
for by uniform ex ten sio n  of the' sarcom eres. The in crease  in leng th  of
each  half sarcom ere is  equ ivalen t to  the longitudinal d isp lacem ent of
the f ilam en ts . C onsider the  record of F ig . 3 .1 ,  The in itia l m uscle
4length  w as 28 mm or 2 .8  x  10 pm . The am ounts of ex tension  required 
to  reach 8  ^ and Sg were 42 pm and 330pm re sp e c tiv e ly , or 0,15%  and 
1,2%  of the to ta l m uscle len g th . If a ll of th is  w as transm itted  to  the 
sarcom eres th e ir  length  would increase  by 0 .0036pm  up to  8 % and by 
0.029 pm up to S g , w hich is  equivalent to  a s lid ing  movement of the 
ac tin  and myosin filam ents of 1 . 8 nm and 1 4 ,5 nm re sp ec tiv e ly .
The re su lts  for sev era l records analysed  in th is  way give the follow ­
ing average v a lu es  :
filam ent s lid ing  up to  8 -^ : -  1 ,86  ^ 0 .05  (1 8 .D , ; n = 6 ) nm . 
filam ent s lid ing  up to  Sg : -  1 6 ,5 0 -  1 , 5 ( 1  8 ,D , ; n = 13) nm.
There are two im portant sources of error in es tim ates  of th is  k ind . 
F i r s t , ev idence is  p resen ted  la te r  to  show th a t a considerab le  fraction  
of the  ex terna lly  applied  leng th  change is  taken  up by e la s tic  elem ents
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arranged in se rie s  w ith the con trac tile  component and consequently  
the  above method over estim ates  the amount of filam ent d isp lacem ent 
required to  reach Sj. and Sg. Secondly , shortening of the sarcom eres 
occurs during the developm ent of a te tan u s (6  -  9% ), so th a t the  sarcom ere 
length  in  the m uscle a t re s t is  su b stan tia lly  longer than  a t the tim e of 
s tre tch in g .
Tension borne by the m uscle at Si and 8 9 . There is  obviously a lim it 
to the amount of extra force (above the peak isom etric  ten sio n ) tha t a 
m uscle can support. There are conflic ting  reports in the lite ra tu re  
concerning the m agnitude of th is  lim it; K atz, (1939) gives a figure of 
of around 1 .8  x  P q , but more recen t work by Sugi, (1972) su g g ests  th a t 
it may be a s  high as  3 x  Pq. The dependence of the  ten sio n  response  on 
the  speed of s tre tch  w as alluded to  above , and there  is no doubt th a t 
part of the  d iscrep an cy  can be accounted for by d ifferences in the  speed /f- 
of s tre tch in g . The com plexity of the ten sio n  response a lso  ra ise s  the 
question  of which feature  one should m easure, Sugi (1972) sim ply 
recorded the maximum ten sio n  borne by the m u sc le , which som etim es, 
but not alw ays ^coincided with the  end of the s tre tc h , w hereas Katz (1939) 
and more la te ly  A .F, H uxley ( 1971 )^applied loads of varying s iz e  to  
iso to n ica lly  con tracting  m uscles and observed the resu lting  changes of 
len g th . There is strong ev idence from cine film s of d iffraction  spectra  made 
during stretch, which shows th a t the ten sio n  borne by the m uscle a t the 
point 82 ( PS2 ) rep resen ts  the maximum force th a t the  con trac tile  elem ents
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can su s ta in . In the  case of the  ten sio n  response shown in Fig. 3,’i 
th is  reaches 1 .3 6 6 x Pq , and the  ten sio n  a t 8^ (Pg^ ) f I .H O x Pq ,
The follow ing v a lu es  were obtained for severa l m uscles under 
com parable conditions :
Pg^ -  1 .075 ± 0 .014 (1 S .D .;  n = 6 )  X Pq .
?S2 -  1 .362 --t 0 .0 3 0 (1  S .D . ; n  = 13) x;Po-
M uscle s tif fn e s s . The s tif fn e ss  of the  m uscle during the  th ree p h ases  
A, B and C is  m easured from the  slope of the  ten sio n  reco rd s . The 
following v a lu es  w ere obtained ;
A “ 5 .3 0 *  0 .70  X  10® N.m~^ p er metre ex ten sio n ,
( l S . D . ; n  = 6)
B “ 1 .9 7 *  0.31 X 10® N.m~^ per m etre ex ten s io n ,
(1 S .D . ; n  = 13)
C -  1 ,5 8 * 3 .5  X  10^ N .m "^ per metre ex ten sio n .
(1 S .D . ;  n = 13)
Part tw o. L aser d iffraction  m easurem ents of sarcom ere m ovem ents.
A la s e r  d iffraction  technique w as used to  record sarcom ere movements 
during the developm ent and m aintenance of a te tan u s  and a s  a re su lt  of 
superim posed leng th  ch an g es . The spacings betw een the  various sp ec tra l 
orders of the d iffraction  pattern  are a function of the mean sarcom ere
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length  In the area of m uscle Illum inated, These d is tan ce s  (fo r exam ple, 
betw een the two f irs t order re flec tions ) and the  d is tan ce  of the  m uscle 
from the recording film , can be accu ra te ly  m easu red , and the use  of 
op tical d iffraction  combined w ith cine photography of the  spec tra  affords 
a p rec ise  means of investiga ting  the  dynam ics of sarcom ere movements 
in a ^contracting m uscle ( Cleworth & Edman, 1972; Kawai & Kuntz, 1973; 
N a s s l f ^ ^ a n r i ^  & Johnson, 1974). The varia tion  in the leng ths of
the sarcom eres w ithin a whole m uscle is  g reater than in a sing le  f ib re ,
• . • '
but because  it is  tran sp aren t and re la tiv e ly  th in ,reaso n ab ly  'crisp* 
d iffraction  pa tterns can be obtained from the frog sa ito riu s  m uscle .
Indeed there  are ce rta in  advantages of a whole m uscle ; a s  a re su lt of 
m ultiple d iffraction  effec ts^ re la tiv e ly  more of the  lig h t incident upon 
the m uscle is  d ev ia ted  into the h igher orders (D ,K . H ill, 1953a )^.prod- . 
ucing a pattern  of more uniform in te n s ity , which may be photographed 
w ithout the  need to  m ask the  zero order l in e .
In ten sity  and w idth of d iffraction  l in e s . This study is  concerned 
princ ipa lly  w ith changes in the spacing  of the d iffraction  bands 
and consequently  no d e ta iled  investigation  of band in ten sity  or lin e  
d isp e rs io n  w as made . These are important only in so far a s  they  
affect the  accu racy  of the  m easurem ents. D ecreases  in the in ten sity  
of the d iffrac tion  lin e s  (up  to  50%) have been  reported in experim ents 
w ith s ing le  m uscle fib res (Kawai & Kuntz, 1973) and m uscles w hose 
th ick n ess  is  only a few  lay ers  of fibres (D .K . H i l l , 1953 b ) , but in 
the experiments, d escribed  h e re , large changes (v is ib le  to  the naked 
eye) were observed only in th o se  m uscles w hich w ere unable to
0 1
B
Fig. 3 .2 .  Typical d iffraction  spectra  from A, resting  m uscle 
and B, the same m uscle 500msec a fte r the beginning of te tan ic  
stim ulation . The d en s ity  profiles of each  spectrum , a s  
obtained by scanning each  frame with a d en sito m eter, are 
a lso  show n.
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m aintain a s tead y  force and recordings of th is  kind were not 
included in the a n a ly se s . One cause of poorly m aintained le v e ls  
is  undoubtedly inadequate stim ulation . In a ll experim ents from 
which records were used  for an a ly s is  there was no appreciable 
d ec rease  In d iffraction  band in ten s ity .
Kawai & Kuntz (1973) showed tha t a sm all in crease  in the 
width of the f irs t order d iffraction  lin es  occurs when a m uscle fibre is 
s tim ulated . F ig . 3.2 shows the d iffraction  spectra  and th e ir  op t­
ical d en s ity  profiles from resting  (A) and m axim ally te tan ised  (B) 
m uscle . It can be seen  th a t the  peak in ten sity  of the individual 
bands is l i t t le  ch an g ed , but tha t the w idth of the f irs t order d iff­
raction lin e s  is  decreased  during con traction . This Is an In te re s t­
ing obseiy  a t ion because  it is  the  converse of the  change seen  in 
single f ib re s , and from the  p rac tica l point of view  it le a d s  to  g reater 
accuracy  in determ ining sarcom ere spacing .
F ina lly , it has been shown tha t an Increase of lig h t sca tte rin g  
is a sso c ia te d  w ith the  tran sitio n  from res t to  a c tiv ity  (D .K . H i l l ,
1949). The lo ca tio n  of the structu res responsib le  is  u n certa in , 
but s ince  the  lo s s  of in ten sity  a t peak tension  is  sm all (about 5%, 
in red light? H ill ,  1949 ; Barry & C am ay, 19 6 9 ),th is  has a neg lig ib le  
effect on the  q u a lity  of the diffraction p a tte rn .
Reference is f irs t made to  some observations on the movement of
: . 7^sarcom eres during s tre tch es  of resting  m uscle becau se  there  are im portant ; 
q u alita tiv e  d ifferences betw een those  and the  movements produced by 
iden tica l s tre tch es  applied  to  te tan ised  m u scle . _
Ac lo
Position mm from pelvic end Sarcomerç length p
24 2*424
20 2*415
16 2*440
12 2*454
8 2*454
'  .1 2*460
At 1*25 X lo
Position mm 
from pelvic end
Sarcomere 
length p
24 2*992
20 2*981
16 3*000
' 2*987
8 3*000 .
4 2*987
Table 1 . Table 2 .
Tables 1 and 2 . Sarcomere leng ths recorded a t various positions 
along the length  of a m u sc le , by a la s e r  d iffract ion m ethod. 
M easurem ents were carried out a t two m uscle le n g th s , 1q and 
1 * 2 5 x 1q ,
60—
VE
§ftto
4 0 -
20—
0-5
Time — sec
Fig. 3. 3, D iffraction m easurem ents of sarcom ere le n g th , made 
during the app lication  of a lin e a r  s tre tch  of 1060jum, followed by 
an immediate re le a se  of the  sam e am plitude. The recording 
position  w as 4mm from the pe lv ic  end of th e  m uscle .
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Resting m uscle ,
,
Sarcomere le n g th ‘and Its varia tion  in the resting  s ta te . M uscles 
were illum inated a t s ix  d ifferent positions and sarcom ere leng ths were 
measured from photographs of the  resu lting  d iffraction  sp ec tra . Values 
obtained in itia lly  a t the  in s itu  resting  leng th  (Iq ) and then with the 
m uscle extended to  7mm above the resting  leng th  (1 .2 5  x  1^) are shown 
in Tables 1 <& 2 re sp ec tiv e ly . At Iq the mean sarcom ere leng th  w as 
found to  be 2 .4 4 pm and the  coeffic ien t of v aria tion  (S .D ./m e a n  x  100) 
w as 0 .7% , At 1 .2 5  x  Iq ,the mean sarcom ere length  w as 2,99 ]im and 
the coeffic ien t of v aria tio n  w as 0,3% .
There is  ev idence th a t the  sarcom eres a t the  extrem e ends of the 
m uscle tend to be sho rter (Huxley. & P eachey , 1959) but the g reater 
amount of connective t is s u e  and the methcd of a ttach ing  the m uscle 
to the apparatus made it im possible to  obtain  sa tis fa c to ry  sp ec tra  from 
those  regions .
Sarcomere movements during s tre tch es  applied to  resting  m u sc le . It 
has been known for many years  (Sandow , 1936a)that the  s tead y  s ta te  
sarcom ere leng th  in c re a se s  in proportion to overall m uscle le n g th , and 
Tables 1 & 2 confirm th is .  H ow ever, there  is  no inform ation in the 
lite ra tu re  on the movements of sarcom eres during s tre tc h . To in v e s t­
igate th is  point d iffraction  spec tra  were photographed with a cine camera 
w hile the m uscle w as sub jec ted  to  a s tre tch  and re le a se  cycle  of 1060pm
Ac *o
Position mm from pelvic end
■ Sarcomere extension nm
2 4 1 1 4
2 0 1 1 8
1 6 11 0
1 2 1 2 0
8 1 0 8
4 114
Table 3 .
At 1-25 x(o
Position mm from pelvic end
Sarcomere extension nm
2 4 1 2 8
2 0 1 2 4
16 13  5
1 2 1 3 0
8 1 3  0
4 1 2 4
Table 4 .
Tables 3 and 4 . Sarcomere ex tensions produced by s tre tch es  of 1060pm 
as  recorded a t d ifferent positio n s along the  length  of the  m uscle .
Starting sarcom ere leng ths were th o se  given in Tables 1 and 2.
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-1 ■a t a ve lo c ity  of 4 .2 4 m m ,s
Fig. 3 .3  shows sarcom ere spacing  recorded 4 mm from the  pelv ic  
end of the m uscle plotted, ag a in s t time { cine-fram e num ber), The 
sarcom ere length in c re a se s  in an  approxim ately lin ea r fashion although 
the final length is roughly 8% g reater than would be predicted theo r­
e tic a lly , Table 3 shows sarcom ere ex tensions recorded from different 
regions of the m uscle and the  v a lu es  obtained from each  position  are
broadly sim ilar (m ean 110nm ; coeffic ien t of v a r ia t io n ,4 %),, A sim -
.
ila r  sé rie s  of v a lu es  are given in Table 4 , but In th is  ca se  the  s ta rting  
sarcom ere length  w as 2 ,9 9 p m , Once ag a in , the ex tension  is  uniformly 
. d istribu ted  throughout the  sarcom eres sampled (m ean 128nm; coeffic ien t 
of varia tion  , 6%) ,  In  th is  ca se  the maximum ex tension  w as 12 % 
g reater than  th a t predicted th eo re tic a lly .
Active m u sc le .
Sarcomere movements during the  developm ent and m aintenance of an 
isom etric te ta n u s , Cine recordings of zero and firs t order d iffraction  
bands were made during isom etric  te ta n i. An increase  in the spacing 
of the spectra l lin e s  w as o b se rv ed , corresponding w ith the onset of 
ten sio n  developm ent, signifying shortening of the  sarcom eres a t the 
expense of the e la s tic  elem ents in se ries  w ith them . The extent of
■I
in ternal shortening is  a function  of the  force generated by the  sa rco ­
meres and the  length  ten sio n  ch a rac te ris tic s  of th e se  e lem en ts ,
v i t - : ' : ,  o
to
IO“  2  X
\  : z
co
I/)c
1 —
0
0 I 2 3
In t e rn a l  s h o r t e n i n g  —  m m
Fig. 3 .4 .  A length  / ten sio n  plot for a ll the e la s tic  elem ents 
lying in se rie s  with the sarcom eres. The curve w as constructed  
from recordings of sarcom ere le n g th , made during ten sio n  d ev e l­
opment , a t the  s ta rt of an isom etric te ta n u s . Points are the mean 
V a lu e s  frcxn.fWir-differônt recording positions /4 m m , 12mm, 16mm 
and 20mm fronvthe peljyio end. Error bars show one standard 
error, (n  = 4 ) .
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M easurem ents of sarcom ere spacing  during ten sio n  developm ent 
were made a t .four lev e ls  in the m uscle (4mm, 12mm, 16mm and 20mm 
from the pelv ic  e n d ) . Fig 3 ,4  shows isom etric force plotted ag a in st 
mean in ternal shortening for the  four positions sampled and thus it 
portrays the  le n g th / te n s io n  c h a rac te ris tic s  of a ll e la s tic  elem ents 
(includ ing  's tra y ' com pliance in  the  apparatus) lying in se rie s  w ith 
the sa rco m eres, The curve is very n o n -lin ea r and as  with many b io l­
ogical m aterials the s tif fn e ss  in c reases  w ith increasing  am ounts of
ex ten sio n . At peak isom etric  ten sio n  the  com pliance of the 'lum ped'
-4  -1se rie s  elem ents is  6 .34  x  10 m ,N  .
F luctuations in the  leng ths of the sarcom eres during the ten sio n  
p la teau  of a te tan u s have been  reported ( Golds p in k , Larson & D a v ie s ,
1970) in ch ick  an terio r and posterio r la tiss im u s d o rsi m u sc le , in
'■which maximum o sc illa tio n s  of 90 nm (3 .75% ) with a period of approx­
im ately 7 5 ms were o b served . No fluc tua tions of th is  m agnitude were 
d e tec ted  with the system  described  h e re , although very  much sm aller 
changes in sarcom ere length  (^  3 nm per sarcom ere) cannot be ruled 
ou t. This re su lt is  in agreem ent w ith the findings of Cl e worth & Ed man 
(1972) and Kawai & Kuntz (1973) from experim ents w ith sing le  f ib re s .
The dynam ics of sarcom ere movements during s tre tch  of contracting  
m u sc le . The movements of sarcom eres during s tre tc h e s  applied  to  
contracting  m uscle are  s trik ing ly  different from th o se  produced by 
stre tch ing  a restin g  m u scle . F ig, 3 .5  shows a sing le  frame from a
Df
r AP
Fig. 3 ,5 ,  A frame from the cine film , showing the d iffraction  
pattern  ( D ) , applied  length  change ( A L ) and m uscle ten sio n  
( A P ) ,  This technique enabled sarcom ere spacing to  be related  
p rec ise ly  to  m uscle ten sio n  and e x ten s io n , a t in terva ls  of 15ms 
throughout a te tan u s a n d /o r  an  applied  length  change.
mm
05mm
I I
01 sec
Fig, 3 ,6 ,  Recorded changes in m uscle ten sio n  ( upper t r a c e ) ,  
sarcom ere spacing (m iddle tra c e )  and external m uscle length  
(low er t r a c e ) , made during the app lica tion  of a 'ramp and ho ld ' 
s tre tch  of 1060pm, to  a te tan ised  m u sc le , a t a v e lo c ity  of 
4 , 24m m ,s"^ . Temperature w as 0*C, The point $2 is  ind icated  
by the  arrow s,
A  Pr S xio^ N.rrT*
5x10^
N.m“2
A  L mm [
Fig. 3 ,7  . Tension changes produced by. a ramp and hold s tre tch  
( A L) of 1060pm, a t a v e lo c ity  of 4 . 24m m .s"^ , applied  to  con­
tracting  m uscle ( APq ) and restin g  m uscle (A Pj.),
Tension generated in a resting  m uscle is  sub tracted  from th a t 
generated in a contracting  m uscle . for a length  change of the  same 
a m p litu d e , th a t the contribution from p ara lle l e la s tic  e le m e n ts , 
not involved^^jTforce ^ v e lo p m e n t , may be allow ed for.
The m uscle-î^ngtii before the  app lica tion  of the  s tre tch  w as in 
th is  c a se  1 ,7  x  I q .
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cine film , w ith d iffraction  s p e c tra , m uscle ten sio n  and external ’ 
length  change d isp lay ed . The changes observed in sarcom ere le n g th , 
m uscle force ai)d m uscle ex tension  throughout the period of s tre tch  
are shown in F ig . 3 . 6 .  The ten sio n  record has a s im ilar form to  the 
one described  e a rlie r  (F ig . 3.1 ) w ith a c learly  defined 's l ip ' point 
a t 8 g. There are th ree im portant points to  notice about the way in 
which the sarcom eres elongate  during .stretch :
F irs t,  in the period up to  82 they  are extended a t a ra te  w hich is  
considerab ly  le s s  than  would be predicted th eo re tic a lly . The follow ­
ing figures serve to  illu s tra te  the  po in t. The in itia l m uscle length  
w as 28 mm and the sarcom ere leng th  at peak isom etric  ten sio n  w as
2 .3 7 p m , The ex ternal leng th  change, w as 1 .06m m , applied  a t a speed 
-1of 4 .2 4 m m .s , This would be expected to  cau se  the sarcom eres to  ■
-1extend a t a v e lo c ity  of 0.39 p m .s , w hereas the value estim ated  from ' 
the  f irs t s ix  fram es of the  film is  only 0 .2 2 p m .s  }  This re su lt show s 
tha t a su b stan tia l frac tio n , in th is  case  about 0 , 4 ,  of the extem aU y— —1_ 
applied length  change is  not taken  up by ex tension  of the sa rco m eres , 
b u t, p resum ably , by e la s tic  elem ents in se rie s  w ith them .
S econdly , when the  m uscle is  extended to  the point 8 2 , the s a r ­
comere length  in c reases  abrup tly . This sudden elongation is  referred 
to h erea fte r as  rapid 'g iv e '.  In the record of Fig , 3,6 , it occurs when 
the  ac tin  and m yosin filam ents are d isp laced  by about l l . S n m  from 
th e ir  equilibrium  position  a t peak isom etric te n s io n . During the period 
of rapid 'g iv e ' they  move by a further 21 .4  nm, bringing the  to ta l ex tension
■i;ÿ
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to 32.9 nm.
Third, ex tension  of the sarcom eres in the period following rapid
'g iv e ' follow s the external leng th  change reasonab ly  c lo se ly  (v e lo c ity ,
“1 "1 0 .3 4 pm .s , compared w ith 0 .3 9 p m .s  ) ,  a lthough , in nearly  a ll of ■
the  records som e'overshoot' is  se e n . This tran sien t shortening of the
sarcom eres is shown c learly  in Fig 3, 6. By the tim e the s tre tch  is
te rm in a ted , the  sarcom eres have been extended by an amount which
is  c lo se  to  th a t w hich would be predicted th eo re tic a lly ; thus a 4%
change in m uscle leng th  re su lts  u ltim ately  in a 4% change in sarcom ere
len g th .
The most straightforw ard in terpretation  of th e se  observations is  
th a t ex tension  of the m uscle u ltim ate ly .resu lts  in forcib le detachm ent 
of the  c ro ss-b rid g es  holding the filam ents to g e th e r, w ith the  resu lting  
shortening of the extended se rie s  e la s tic  elem ents ( e la s t ic  reco il)  
causing  sudden elongation of the sarcom eres, "
Dependence of sarcom ere s tif fn e ss  on filam ent o v erlap . If th is  is  the 
correct in te rp re ta tio n , then  th e  re s is ta n c e  to  s tre tch  of the m uscle up 
to ought to be inversely  re la ted  to the length  of the sa rco m eres , 
s ince the number of c ro ss -b rid g es  p o ten tia lly  capab le of contributing 
to  the effect is  proportional to  the  ex ten t , of overlap of the  ac tin  and 
myosin filam en ts .
Experiments w ere therefore made in which s tre tc h e s  w ere applied  
to  te tan ised  m uscles a t leng ths ranging from 0,93  -  1 .38  x  Iq . 8arcom ere ;
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leng ths a t re s t and then  during s tre tch  were monitored by cine photo­
graphy of d iffraction  sp e c tra . S tretches of 960jam were em ployed.
The method of analysing  the  records w as a s  fo llow s. F irs t ,  a t 
leng ths g rea ter than  about 1 ,1  x  Iq there is an appreciab le  contribution 
to  the ten sio n  record from elastic , elem ents o ther than  th o se  a sso c ia te d  
w ith the con trac tile  com ponent, and to  com pensate for th is  the ten sio n  
developed during s tre tch  of a restin g  m uscle w as sub tracted  from th a t ' 
produced by the same s tre tch  applied to  the m uscle during an isom etric  
te tan u s  (F ig , 3 ,7  ) .  S econdly , m easurem ents were made of the  s tif f­
n ess  from a ) th e .s lo p e  of the early  part of the  corrected  ten sio n  response  
( A P / A L , where A L is  the  ex ternal movement ) and b ) the  slope of the  
lin e  rela ting  in ternal sarcom ere movement to  m uscle ten sio n  ( A P /  A S , 
where AS is  the change in sarcom ere le n g th ) ,
The re su lts  were a ll re la ted  to  the  sarcom ere spacing  a t peak  iso ­
m etric ten sio n  im m ediately prior to  the app lication  of the s tre tc h , 
ra ther than  to  sarcom ere leng th  a t r e s t .  In th is  w ay , due allow ance 
w as made for the  shortening of sarcom eres ( and the  consequent change 
in filam ent overlap.) which occurs during the  developm ent of the te ta n u s . 
Fig 3 , 8 .  shows P^ ( f illed  c irc le s )  p lo tted  ag a in s t v a lu es  for the 
sarcom ere length  a t peak  te ta n ic  te n s io n , ju st prior to  the  app lica tion  
of a s tre tc h . The ex trapo la ted  region of th e  resu lting  le n g th / te n s io n  
diagram  in tercep ts  the  a b s c is s a  a t a value of 3.61 um, c lo se  to  the  
expected  th eo rec tica l value  of 3 .65  um, at which leng th  the filam ents 
no longer overlap ( P a g e , 1 9 6 4 a) t The va lu es  obtained for m uscle
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F ig , 3 . 8 . Values for peak  te tan ic  te n s io n , P g , (c irc le s )  and 
mean m uscle s tiffn e ss  up to  8 g , Em, ( s q u a re s ) ,  obtained from the 
re la tionsh ip  A P / A L ,  plo tted  ag a in st sarcom ere length.^
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Fig, 3 ,;9  . Values for Pq (c irc le s )  and the  mean s tiffn e ss  of 
the  sarcom eres, E^, ( s q u a r e s ) , obtained from the  re la tionsh ip  
A P /A S ,  plotted  ag a in st saircomere len g th .
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Fig. 3 .1 0 . V alues for (sq u a re s )  and Eg (c irc le s )  
plotted ag a in st Pq .
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Fig . 3, 11. The maximum force the  sarcom eres are capable of 
holding ( to ta l ac tiv e  ten sio n  a t Pq , P gg) ,  ( s q u a re s ) , and P q # 
( c i r c l e s ) , p lo tted  ag a in st sarcom ere le n g th .
Fig. 3 ,1 2 . ( in s e t)  Pgg p lo tted  ag a in s t Pq ,
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s tif fn e s s , when referred to  the  external length  change , denoted by 
Em/ are a lso  shown ( squares ) ,  The reg ression  lin e  fitted  to  the  eight. > ; 
points^corresponding with th o se  values of ?q which c learly  l ie  on the 
descending  limb of the le n g th / te n s io n  diagram^ in tercep ts the a b s c is s a  
at a value of 4,20jum , which is g reatly  in ex cess  of the p red icted  value 
of 3 ,6 5 p m . This is  not an unexpected re su lt . The experim ents d e s ­
cribed previously  showed th a t a considerable  fraction  of the ex terna lly  
applied length change is  tak en  up by e la s tic  elem ents arranged in se rie s  
w ith the  sarcom eres, and th is  fraction  is lik e ly  to  vary with m uscle 
len g th . F ig , 3 .9  shows the same values for Pq plotted  ag a in s t s a r­
comere leng th  and the  corresponding va lu es  for m uscle s tif fn e s s , c a l­
culated  from the sarcom ere movements , denoted by Eg ( squares ) ,  In 
th is  c a s e ,  the reg ressio n  line f itted  to  the  la s t  eight points in tercep ts  
a t a sarcom ere leng th  of 3.71 pm. This is  su ffic ien tly  c lo se  to the 
th eo re tica l in tercep t of 3 .65pm  to  make it  seem  certa in  th a t the  s tif fn e ss  
up to  Sg is d irec tly  related  to  filam ent o v erlap , and therefore rep resen ts  
■ the co llec tiv e  s tiffn e ss  of the c ro ss-b rid g es  joining the filam ents together.
F ig , 3 . 10 shows v a lu es  for E^  ^ and Eg p lo tted  ag ain st Pq . Both 
show lin e a r  re la tio n sh ip s , but w ith different in te rc ep ts . The ex trapolated
region of th e  Eg line  in te rcep ts  c lo se  to  the o rig in , as  would be ex p ec ted ,
_2 %but th a t for E^ shows a fin ite  in tercep t of .0.85 N .m  per metre ex ten ­
sion of the whole m uscle .
* Holding* force of m uscle a t S ^ . The maximum force the sarcom eres are —
2 ‘34m 2’48 p
3x10^
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Fig, 3 .1 3 . Tension resp o n ses  to s tre tch es  of 960pm (1 1 .5 m m .s“ ^ ) ,  
applied  to a te ta n ise d  m uscle # a t d ifferent sarcom ere leng ths ( shown 
above each  t r a c e ) . T races of th is  kind w ere used  ,to obtain  v a lu es  
for Pgg , and A L - ^ S 2 .
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Fig, 3 .1 4 , Values for filam ent s lid ing  required to  reach S g , 
ca lcu la ted  from the ex ternal length  change , p lo tted  ag a in st 
sarcom ere len g th , .
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Fig. 3 ,1 5 . Values for filam ent slid ing  required to  reach  8 2 , 
obtained from d irec t recordings of sarcom ere m ovem ents; 
Filament slid ing  is re la tiv e ly  c o n s ta n t, giving a mean value 
of 12 ,3  * 0 .9 nm per half sarcom ere ( - 1 S . D ,  ;n = 1 0 ) .
52
capable of holding im m ediately before rapid ’give* ( to ta l m uscle ten sio n  
at $2 # Pgg ) ought to  show a s im ilar inverse dependence on sarcom ere 
len g th . The v a lu es  obtained are plotted  ag a in s t sarcom ere spacing  
in F ig, 3 ,1 1 , They d ec rease  lin ea rly  w ith increasing  sarcom ere length  
(above 2 .5 p m ) and the reg ressio n  line  in tercep ts  the a b s c is s a  a t a 
value of 3 .6 6 p m , w hich again  is c lo se  to  the th eo re tica l value of 3 .6 5 p m , 
Fig. 3.12 ( in s e t)  shows plotted  ag a in s t Pq. The lin e a r  re la tio n ­
ship betw een th e se  two dependent variab les  shows th a t the  ratio  Pg^
/ P q is  co n stan t a t a ll sarcom ere le n g th s , s o i t  can therefore be con­
cluded th a t the  holding force per c ro ss-b rid g e  is  independent of sarcom ere 
leng th  and hence of the  la te ra l spacing  of the  ac tin  and m yosin f ilam en ts .
Relative s lid ing  movement of the filam ents required to  reach  So at 
d ifferent m uscle le n g th s . The re la tiv e  slid ing  movement of the  f i l ­
am ents up to  the  point a t w hich the sarcom eres show rapid 'give* can 
be ca lcu la ted  from the  ex ternal length  change .in the  way described  
e a rlie r . F ig. 3 .13 ,1  -  4 , show several tra ces  made a t increasing  
m uscle leng ths and from th e se  it can be seen  th a t le s s  ex tension  is 
needed to reach  82 long m uscle le n g th s . The v a lu es are p lo tted  
ag a in s t sarcom ere leng th  in F ig . 3 ,1 4 . Also shown are the co rres­
ponding v a lu es  for re la tiv e  filam ent s lid in g , again  based  on the  assum ­
ption th a t a ll of the length  change is  transm itted  to  the  sa rco m eres , 
Filam ent movements are found to  be re la tiv e ly  constan t for m uscle leng ths 
corresponding w ith sarcom eres le s s  than  2 .9 p m  in  le n g th , but become
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progressively  sm aller as  m uscle length  is increased  further. By c o n tra s t, 
the ac tua l amount of sarcom ere ex tension  needed to  reach Sg $ m easured 
d irec tly  from the  d iffraction  sp e c tra , rem ains fa irly  constan t ( to  w ithin 
i  8%) over the range of sarcom ere leng ths from 2 .3 4  -  3 .27pm  (F ig ,
3 .1 5 ) ,  The mean value for the  filam ent d isp lacem ent w as found to  be 
12 .3  * 0.9 nm ( *1  S .D . ; n = 1 0 ) . This is the ex ten t of s lid ing  of the  
f ila n î^ n t^ r e q u ^ d  to generate  maximum ten sio n  in the  co n trac tile  m ech­
an ism .
A L
Jo
Fig, 3 ,16 , Proposed account of the leng th  changes occuring in 
the  sarcom eres ( C2 ) and se rie s  com pliances ( C i)  during a s tre tch  
applied to  a contracting m uscle .
1) Before the  app lica tion  of the length  change.
2) Just before rapid 'g iv e ' a t 8 2 .
3) Just a f te r  rapid 'g iv e ',  showing breakage and ex tension  '
of Cg.
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DISCUSSION
It has been shown th a t th e  ten s io n  response  of a m uscle to  long
s tre tch es  is highly n o n -lin e a r, w ith two points of in flec tio n , the
second of w h ic h , Sg , corresponds w ith an abrupt in c rease  in length
of the sarcom eres. The s im plest in terpretation  of th is  phenomenon
is th a t ex tension  of an ac tiv e  m uscle u ltim ate ly  c a u se s  detachm ent
of the  c ro ss -lin k a g es  holding th e  filam ents to g e th er and th a t sh o rt-  
^ \ening of the em ended se rie s  e la s tic ,e lem e n ts  ( e la s t ic  reco il) brings 
about a 'rap id^ex tension  of th e  sarcom eres.
This can b e s t be understood by reference to  F ig . 3 .16 . The m uscle 
is here represen ted  as th ree com pliances in s e r i e s , G2 being the  
con trac tile  component (sa rco m eres) and the  two lab e lled  C j being 
inert ( n o n -co n trac tile ) e lem ents loca ted  at each  end . In a m uscle 
a t re s t the  s tiffn e ss  of th e  co n trac tile  component is very sm all com­
pared w ith th a t of the se rie s  e la s tic  e lem en ts , and co n seq u en tly , 
ramp s tre tch es  produce alm ost uniform ex tension  of the  sarcom eres 
(F ig . 3.3 ) .  H ow ever, in a fu lly  ac tivated  m uscle the  s tiffn e ss  of 
the con trac tile  component is  very  müch g reater than  a t r e s t , and as 
a re su lt ,  some of the  length  change is  absorbed by ex tension  of the 
se rie s  e la s tic  e lem en ts . C learly , th is  s itu a tio n  holds only for as  
long as  the  lin k ag es  remain, p a te n t. If d isp lacem ent of the filam ents 
ex ceed s .a  ce rta in  c r itic a l va lue  then  the c ro ss-b rid g es  become d e t­
ach ed ; when th is  h ap p en s , the e la s tic  ten sio n  sto red  in the  se rie s
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elem ents ( 0 % ) then  cau ses  sudden ex tension  of the  sarcom eres.
The extent of the s lid ing  movement required to  bring about rapid 
'g iv e ' can e ith er be ca lcu la ted  from the amount of external leng th  change 
applied  or from d irec t observations of the movements of the sarcom eres.
It has  been seen  th a t the  former method g ives confusing resu lts  which 
can e a s ily  be accounted for in term s of the  model d escribed  above. 
H ow ever, when d irec t obervations of sarcom ere movements are m ade, 
several poin ts of in te re s t em erge. F irs t, the amount of filam ent d is -  
placem ent required to  produce rapid 'g iv e ' is  re la tiv e ly  c o n s ta n t, a t 
around 12 nm , a t a ll m uscle le n g th s . Secondly , th e  ten sio n  generated  
a t S g , tha t is  to say  the. maximum force that the co n trac tile  elem ent 
can b ea r, is  lin ea rly  re la ted  to filam ent overlap . This la s t  point im plies 
th a t the binding force betw een th e  m yosin c ro ss -b rid g e s  and th e  a c tin  
filam ent is  constan t and not influenced by the  la te ra l separation  of the  
filam en ts .
The argument put forward p rev iously  to  account for the abrupt changes 
in  sarcom ere leng th  a t 82 does not explain  two im portant fea tu res  of the 
phenom enon. F irs t , it is  c le a r  th a t rapid sarcom ere ex tension  h a lts  
even though the se r ie s  e la s t ic  elem ents are s ti l l  extended beyond .their 
re s t le n g th , and the reason  why th is  occurs is  not im m ediately apparen t; 
seco n d ly , how is the  high lev e l of ten sio n  m aintained a fte r S g , a t a 
tim e when all the c ro ss -b rid g es  w ill have been broken ? These d ifficu l­
tie s  are reso lved  by considering  rapid 'g iv e ' a s  a tra n sitio n  betw een 
two steady  s ta te s  . Prior to  s tre tch  the m uscle is  ex torting a stead y
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force and the filam ents are re la tiv e ly  s ta t ic .  In the early  s tag e s  of 
a s tre tc h , up to 82 , the  filam ents and the population of c ro ss -b rid g es  ;■ /  
ac tiv e ly  involved in generating  force are d isp laced  from th e ir  eq u il­
ibrium position  and ten sio n  in the m uscle r is e s .  At 82 o ro ss-b rid g es  
are forcibly  detached  and the  se rie s  e la s tic  elem ents shorten abruptly  
a t the  expense of the sa rco m eres . N ow , it can  be shown th a t the change 
in length  of the se r ie s  e la s t ic  elem ents during rapid 'g iv e ' (abou t 0 .4  
mm) is  sm all compared with the to ta l amount by which they  have been 
extended (2 .4 m m  , com prising some ex tension  during s tre tch  and som e, 
the g reater p a rt, during the  developm ent of te tan ic  te n s io n ) . There 
can be no question  th a t rapid 'g iv e ' is  term inated by c ro ss-b rid g es  
remaining a ttached  to  the filam en ts ; in F ig. 3 .6  for example the to ta l 
amount of filam ent d isp lacem ent up to  the end of rapid 'g iv e ' is 33nm, 
a figure which is  g rea tly  in ex c e ss  of current e s tim ates  for the  maximum 
working range of a c ro ss -b rid g e . It fo llow s, th e n , th a t the  re s is ta n c e  
to movement of the filam ents must a rise  from the  reattachm ent of c ro ss ­
bridges previously  broken, or the  attachm ent of c ro ss-b rid g es  to  new 
s ite s  on the ac tin  filam ent w hich become a c c e s s ib le  as  a re su lt of 
movement. I t is  ea sy  to  env isage th a t in itia l attachm ent of a few c ro s s -  
bridges w ill tend to  slow  down the rate of filam ent s lid in g , thereby 
increasing  the p robability  for the attachm ent of further linkages , slow ing jS , 
down the  filam ents s tü l  further until in the lim it, rapid ex tension  is  
h a lte d . During the rem ainder of th e  s tre tch  a new s tead y  s ta te  is .
es ta b lish ed  in w hich c ro ss -b rid g es  a tta c h , as  and when s ite s  becom e
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a v a ila b le , are extended until they  develop maximum tension  an d 'b reak ,
and then reattach  a t a new position  further along the  ac tin  filam ent.
In th is  w ay , ten sio n  should remain fairly  constan t beyond 82 is often
found experim entally . M oreover, if the ra te  constan t for attachm ent
of c ro ss-b rid g es  is  re la tiv e ly  high the m aintained lev e l of ten sio n
during th is  phase ought to  be roughly constan t over a wide range of
stre tch  v e lo c itie s  and th is  too is  borne out experim entally  ( Chapter V I).
Of c o u rse , if the v e lo c ity  of s tre tch  is g reatly  in c re a se d , a point w ill
be reached where attachm ent is not p o s s ib le , and it might then  be
predicted  th a t ten sio n  would fall s teep ly  beyond 8 2 . S ugi's  (1972)
—  1experim ents^em ploying exceed ing ly  rapid s tre tch es  ( 100 X  I q .  s  ) ,  
do indeed show a la r g e , abrupt fa ll in ten sio n  w hich is co n s is ten t with 
t h i s .
8t iff n ess  of c ro s s -b r id g e s . The s tiffn ess  of the  sarcom eres up to  82 vr.i
must be a co llec tiv e  property of th o se  c ro ss-b rid g es  involved in gen - '
erating fo rce , and an es tim ate  of the  mean s tif fn e ss  of a sing le  c ro s s ­
bridge can thus be derived if the  to ta l number of linkages contributing 
to  the effect is  known. The s tif fn e ss  of the  sarcom eres is given by ~ “
A P / A 8 where 8 is  sarcom ere leng th  and P is  ten sio n  per unit area 
of the m uscle . A sarcom ere ex tension  of 23.<0nm generates a ten sio n  
of 6 .85 X 10^ N .m  ^ at a sarcom ere length (2 .3 9 p m ) where isom etric
force^ and therefore filam ent overlap^is m axim al; the  maximum s tiffn e ss
12 —2of each half sarcom ere is  therefore 5 .9 5 x 1 0  N.m  per metre ex ten ­
sion  . The number of c ross  p ro jections on the th ick  filam ents in each
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2 16half sarcom ere, for a cross  sec tio n a l area of 1 m , is 5 x 1 0  (,H.
E. H uxley , 1963) and assum ing th a t a ll of th e se  are ac tiv e ly  involved
in force production sim u ltaneously , then the s tiffn e ss  of a sing le
-4  -1bridge is  2 .39 x  10 N.m  , A small correction  is  n ecessa ry  to  
allow  for the  ex trace llu la r  s p a c e , w hich amounts to  about 12% of the 
muscle, volume (D .K . H ill, 1965). The value then  becom es 2 .68  x  
10 N.m . This m ust of course rep resen t the minimum s tiffn e ss  
since  it is p o ssib le  ( indeed ,probable) th a t not a ll of the p ro jections 
on the th ick  filam ent are ac tiv e ly  engaged in producing force a t any 
one tim e. Estim ates range from 20 % (H uxley & Brown, 1967) to  a s  
much as  80% ( M a tsu b a ra , Yagi & H ashizum e, 1975 ) .  Until more 
is  known about the  numbers in v o lv ed , a ll th a t can be sa id  is  th a t the 
s tiffn e ss  of a s ing le  c ro ss-b rid g e  l ie s  w ithin th e  range 3 -  15 x  lO” ^
A P
AS
AL 05mm
\
Fig, 4 .1 .  \Tenslon resp o n ses  (A P) and sarcom ere length  changes 
(AS) during a '^oub le  s tre tch  and re lea se  cycle (AL) of 1020pm 
(a t 4 .08  m m .s”  ^ ) ,  applied  during the  p la teau  of an isom etric  te ta n u s . 
The point S2 is  arrowed for both f irs t and second s tre tc h e s .
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CHAPTER IV
TENSION RESPONSES AND SARCOMERE MOVEMENTS DUmNG CYCLICAL 
LENGTH CHANGES OF LARGE AMPLITUDE.
It has been shown th a t the m ajor fea tu res  of the  ten sio n  response  to 
large s tre tch es  can be attribu ted  to  the behaviour of the c ro ss-b rid g es  
th a t form tem porary linkages betw een the ac tin  and myosin filam en ts .
The experim ents to  be p resen ted  here were designed  to obtain  further, 
information on th e ir  m echanical p ro p ertie s , and to  th is  en d , m uscles 
w ere sub jected  to  cy c lica l length  changes (s tre tc h e s  and re le a se s )  of 
large am plitude.
Tension changes and sarcom ere movements during the second s tre tch  
of à double s tre tch  and re lea se  c y c le , When a s tre tch  is followed by 
a re lea se  of the same am plitude and the m uscle is  im m ediately sub jec ted  
to  a second s tre tc h , th e  form of the  ten sio n  response  and the movement 
of the sarcom eres is markedly different from th a t seen  during the fifs f^  
s tre tc h . F ig. 4 .1  shows the  ten sio n  response and the sarcom ere m ove­
ments in a m uscle s tre tc h e d , re leased  and re s tre tched  by 1020pm a t a
-1v e lo c ity  of 4 .08  mm. s , , The tem perature w as 2 .5°C . Only the changes 
during the firs t and second s tre tch es  w ill be considered  a t th is  tim e ; 
reference w ill be made la te r  to  w hat happens, during the re le a s e s .
The form of the  ten sio n  responses during the  f irs t s tre tch  and the
40
20—
0-J
Tension above P<,
Fig. 4 .2 .  Sarcomere le n g th / te n s io n  diagram s , obtained during 
a f irs t cycle  s tr e tc h , from three  different m u sc le s .
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Fig. 4 .3 ,  Sarcomere l e n g th / te n s io n  d iagram , obtained during 
a second cycle  s tre tc h , for th ree different m u sc les .
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changes in sarcom ere length  are broadly sim ilar to  those  described
■ - ' T  \earlierv( C h ag tem ll , F ig, 3 ,1 ) .  The resu lts  from three different m uscles 
can be summarised a s  fo llow s. F irs t, the point Sg and the rapid 'g iv e ' 
phenomenon occur f o ra  re la tive  slid ing  movement of 11,5™  0 .9  (1 8 ,1 ) ,)  
nm per half sarcom ere. Secondly , following re lease  of the m uscle , tension  
fa lls  to 0 .73  X ?Q , and sarcom ere length returns approxim ately to  the  |
value a t peak isom etric  ten s io n . The form of the  ten sio n  increm ent |
produced by the  second s tre tch  is  very  d ifferen t. There are several 
featu res of in te re s t. F ir s t , the  point Sg is  reached for a d isp lacem ent ;
of 18 .3  i  1 . 0 nm , which is  approxim ately 1, 6 x further than during a :
f irs t s tre tch . S econdly , the ten sio n  increm ent up to Sg is  approxim ately j
1 ,56  X  grea te r. Third , the abso lu te  tension  held by the  m uscle a t Sg j
is  about 1 ,38  X Pq for a f irs t s tre tch  and 1.41 x for the  second , !
L e n g th /te n s io n  re la tion  of sarcom eres during firs t and second s tre tc h e s . ;
The. re su lts  for the  th ree  m uscles referred to  above are p resented  in the ' j
form of a sarcom ere le n g th / te n s io n  diagram  in F ig, 4 .2  (1 s t cy c le) i
and 4 ,3  (2nd c y c le ) .  Filam ent d isp lacem ent is  p lotted  ag a in s t ten sio n  .> /
above and below Pq . The average s tiffn e ss  of the sarcom eres during |
the period before rapid 'g iv e ' in the  case  of the firs t s tre tch  is  5 .8  x  .1
1 2 - 2  Î10 N.m  per metre ex tension  of each half sarcom ere, which is  not i
greatly  different from the  value  for sarcom ere s tiffn e ss  during a second .
12 ' -2 :s tre tc h , 5 ,3  x  10 N.m  per metre ex tension  of each h a lf sarcom ere. .
At S2 sarcom ere s tiffn e ss  fa lls  abruptly . An estim ate  of the  change j
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in s tiffn ess  can be made by comparing the slopes of the relevant parts 
of the  le n g th / te n s io n  diagram . The mean value for sarcom ere s tiffn e ss  
during rapid 'g iv e ' in the ca se  of a firs t s tre tch  is found to be approx­
im ately 30 X le s s  than  during the  early  part of the  stre tch  (up to  Sg) 
and approxim ately 23 x  le s s  in the  case  of a second s tre tc h .
The s tiffn ess  of the sarcom eres r ise s  again  in the period follow ing 
rapi^^-^give', \ ^ e  ex ten t to  which it recovers during th is  phase is ra ther 
variabi@T'i?ut"usually approxim ates to  a value some 4 .5  -  .5 ,0  x  sm aller 
than  the maximum sarcom ere s tiffn e ss  during a firs t s tre tc h , and 5 .5  -
6 .0  X  sm aller in the ca se  of a second s tre tch .
V elocity of sarcom ere ex tension  during rapid 'g iv e ' and the  ex ten t of
movement of the sarcom eres. In a ll the  exp erim en ts , the ex ternally
-1applied length  change w as made a t a v e lo c ity  of 4 ,08  m m ,s , If a ll
the ex tension  w as taken  up by the sa rco m eres , the filam ents in each
-1half sarcom ere would s lid e  a t a speed of 0,18 pm .s , During rapid 
'g iv e ', the speed of lengthening is g reatly  in e x ce ss  of th is  v a lu e .
The resu lts  for th ree m uscles gave a mean value of 1 .4 2 p m .s  , or 
approxim ately 8 . Ox fa s te r  than  the external length change. (This figure 
w as estim ated from the graph rela ting  sarcom ere ex tension  to  cine-fram e 
number, and therefore rep resen ts  the  minimum speed of slid ing  during 
rapid 'g iv e ', )
During the  period of s teady  lengthening a fte r rapid 'g iv e ' the  mean 
value is  0 ,2 3 p m .s  , which is c lo se  to  the  figure to  be expected if 
filam ent slid ing  follow s the  ex ternal length change. The extent of
Fig. 4 ,4 .  O scilloscope trace  of the tension  changes observed 
during cycles  of stretch  and re lease  (sam e pattern  as  F ig . 4 . 1 . ) ,  
applied to a contracting m uscle . When tension  fa lls  to  a le v e l ,  
considerably  below P^, during a re lea se  j sarcom eres are often 
capable of bringing about a r ise  in the level of te n s io n , although 
the m uscle is s till  being shortened at a ve loc ity  of about 4m m .s"^.
The point of in flec tion  during re le a se , is  referred to  as - 8 2 , 
although a ll tra c e s  do not show it a s  c learly  as  th a t illu stra ted  
h e re .
The points 82 and -83  are shown arrow ed.
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filam ent slid ing  during rapid 'g iv e ' is  found to be 21 .4  nm for a f irs t s tre tch  . • j 
and 20 .0nm  for a second . This brings the  to ta l sarcom ere ex tension  to
iabout the value ca lcu la ted  on the  assum ption tha t the whole of the ex te rn - i
a lly  applied  length  change is  taken  up by the sarcom eres. |
C hanges of sarcom ere leng th  and tension  during r e le a s e . F ig. 4 ,1  shows
!I
th a t the changes in sarcom ere leng th  and ten sio n  during a re lea se  are not 
the  converse of th o se  seen  during a s tre tc h , although there are certain  
s im ila r itie s . F irs t , ten sio n  fa lls  s teep ly  during the early  part of a re le a s e ,  
a t a tim e when sarcom ere length is changing re la tiv e ly  slow ly . Secondly , *
when the  sarcom eres have returned to about the length  corresponding with |
th a t reached a t the end of rapid 'g iv e ' (during the preceeding s tre tch ) the •
speed of shortening in c reases  ab rup tly , and th is  corresponds with a red - ■
uction  in the rate of ten sio n  d e c lin e ; indeed , in some records ten sio n  1
may e ith er leve l o ff, or even in crease  (e g . Fig. 4 .4 )  during the  la te r  
s tag e s  of a shortening s te p . The point corresponding with rapid shortening 
of sarcom eres and the d ec rease  in the  rate of fall of ten sio n  is  d esigna ted  
'- S 2 ' .  The amount of filam ent d isp lacem ent required to  reach th is  point 
is  not co n s ta n t, but depends upon the  amount of sarcom ere ex tension  taking 
p lace during the in terval following rapid !give' and the end of the preceeding^,,.;. 
s tre tc h . The re su lts  from the f irs t and second cycles  of F ig . 4 ,1  serve to  
c la rify ,th is  po in t. During the firs t c y c le , the sarcom eres are extended by
37 .0  nm in th is  period and abrupt shortening during the  re lease  occurs ' ;
when the  sarcom ere length  h as  been a lte red  by 3 6 .Onm in the  opposite.
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d irec tio n . The y a lu es for the second cycle  are  considerab ly  le s s  ; 24 .0
and 19, O nrn^r^pectively . The d ifferences betw een firs t and second cycles  
a r ise  b ecause  a g rea ter amount of the ex ternal leng th  change is  required 
to  reach Sg in the c a se  of a second s tre tc h , and therefore le s s  is  av a ilab le  
to  extend the m uscle in the  period follow ing rapid 'g iv e '.
V elocity and ex ten t of rapid sarcom ere shortening during r e le a s e . During
the rapid phase of sarcom ere shortening the  filam ents move a t a surprising ly
high v e lo c ity . If the  filam ents followed the  external length ch an g e , then
-1th ey  would s lid e  p as t each  o ther a t a ve lo c ity  of 0 .1 8 p m ,s  , and in the
-1early  part of a re le a se  they  move a t about th is  speed  (m ean; 0,14jJim .s ,
for the  same th ree records of F ig s. 4 ,2  , 4 .3 ) .  H ow ever, during rapid
shorten ing , the filam ents move very  much fa s te r  than  th i s ,  a t a speed
- 1  . 'not le s s  than  1 .1  pm. s . It is  in te resting  to  compare th is  figure w ith 
the maximum rate o f s lid ing  of the filam ents in an unloaded iso ton ic  con­
tra c tio n . A.V. H ill (1970) gave a mean value  of 1 .4  x  Iq . s*'^  for a whole 
sarto rius at 0"G, which is  equ ivalen t to  about 1 .7  p m .s"^  for each  half 
sarcom ere. So, in rapid shortening during re le a se  the  filam ents move a t ' 
a ra te  which is  com parable w ith th a t in an unloaded iso ton ic  co n trac tio n , 
even though the  ten sio n  borne by the  m uscle at th is  tim e is  c lo se  to  the 
maximum isom etric te n s io n . The ex ten t of rapid shortening during re le a se  
is  found to  be 1 2 .Onm per h a lf  sarcom ere for a firs t cycle  re le a se  and
13 .0  nm per half sarcom ere for a seco n d .
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L e n g th /te n s io n  diagram  for sarcom eres during r e le a s e . During thé  early  .
part of a r e le a s e , ten sio n  fa lls  s tee p ly  for a re la tiv e ly  sm all d e c rease  in
sarcom ere len g th ; sarcom ere s tiffn e ss  during th is  phase Is com parable
with tha t seen  during the early  part of a s tre tch  (F ig . 4 .5 ) ,  A mean value 
12 ~2is  6 ,8  X 10 N .m  per metre ex tension  of each h a lf sarcom ere for a
12 —2f irs t cy c le , and 9 , 0 x 1 0  N .m  per metre ex tension  of each  h a lf s a r ­
com ere, in the  ca se  of a second cycle  re le a se .
At the point d esigna ted  -82  / sarcom ere s tiffn e ss  fa lls  ab rup tly , although 
the tra n sitio n  from the re la tiv e ly  high lev el of s tiffn e ss  seen  a t the beg in ­
ning of the length  change is le s s  c lea rly  defined than  in the c a s e  of a 
s tre tc h . None the le s s  , an estim ate  of the change in stiffness, can be 
made by comparing the  slopes of the  re levan t parts  of the  length-te 'nsion 
diagram , and th is  rev ea ls  th a t mean sarcom ere s tiffn e ss  during rapid 
shortening in a f irs t re le a se  is  about 15 x  le s s  than  during the early  part 
of a re le a se  and about 18 x  le s s  for a second re le a se .
In the period betw een the end of rapid shortening and the end of the  
length  change, m uscle s tiffn e ss  is very v ariab le  ( a s  it is during the corr­
esponding phase of a s tr e tc h ) . This is  due la rg e ly  to  the  ab ility  of .some 
m uscles a c tiv e ly to g en e ra te  force a t th is  tim e, producing a r ise  in  the 
lev e l of m uscle te n s io n , although the  shortening s tep  is  s till  con tinu ing .
Tension changes during a delayed second s tre tch  and re lea se  cy c le . It 
is  c lea r from what has been sa id  th a t the  previous h isto ry  of a m uscle 
g reatly  influences the  form of the  ten sio n  response  to  s tre tc h ; the degree
0.5mm
1 xlO® 
N.m“^
J
\
\
TO sec
Fig. 4 ,6 .  Tension changes (low er tra ce ) produced by a DDSR 
cycle (upper t r a c e ) , applied  during the  p la teau  of a te ta n u s .
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of ex tension  required to  reach  the  point Sg for a second stre tch  is  alw ays 
considerab ly  g rea ter (about 50%) than for a firs t s tre tc h . This re su lt 
poses an in teresting  q u estio n ; does the ten sio n  response  of a m uscle 
to a second cycle s tre tch  a lso  d iffer from th a t of a firs t when it is  delayed  
by several hundred m illiseconds ?
Fig.. 4 .6  shows the effect of a double s tre tch  and re lea se  cycle 
applied at the peak of a te ta n u s . A delay  of 500m s w as allow ed betw een 
the end of the f irs t re le a se  and the beginning of the  second s tre tc h . A 
com parison of the ten sio n  responées to  each  s tre tch  shows th a t th is  in te r­
val is  suffic ien t to allow  some recovery to  take p lac e . The amount of 
ex tension  required to  reach  8% in the  delayed  second stre tch  is  g reater 
than  during the f irs t s tre tch  (435pm , compared with 390 p m ) , although 
the important point to  em phasize is th a t the difference is  much le s s  than  
for a second s tre tch  applied  im m ediately after re le a se  (6 3 0 p m ), M ore­
over, tension  a t Sg r ise s  to  a h igher value (1 ,4 9  x  P ^ , compared with 
1 .3 8 x  Pq during the f irs t s tre tch ) and the tra n sitio n  a t 8g is  more abrupt. 
The effec ts  of delayed  s tre tch es  have not been investigated  in any d e ta i l ,  
but it is  p o ssib le  th a t com plete recovery w ill.o c c u r  if su ffic ien t tim e is  
allow ed betw een su c c e ss iv e  c y c le s . '' .
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DISCUSSION
W orking h y p o th esis .
It is  n ecessa ry  at th is  time to  introduce a working hypothesis  in order to  
exp lain  the  re su lts  obtained in th is  and the preceding chap ter and to  serve 
a s  a base  for further experim ents. It w ill be seen  th a t many fea tu res  of the 
ten sio n  records and sarcom ere movements can be accom odated in the 
Huxley-Simmons m odel, which en v isag es  the cro ss-b rid g e  a s  being made 
up of an in stan taneous e la s tic  component w ith Hpokean c h a rac te ris tic s  
( th e ir  ÀB lin k ag e ; see  F ig, 1 .1 6 ) ,  in s e r ie s  w ith a force generating elem ent 
having both e la s tic  and v isco u s  p ro p erties . It w ill be recalled  th a t the 
8]^  subunit of m yosin, in which ac tin  binding and ATPase ac tiv ity  re s id e ,
is  thought to  have a sm all num ber, n ,  of attachm ent s ite s  (M ^ M g  M^)
through which it can bind to  corresponding s ite s  on an ac tin  ac tiv e  region
( A^Ag A ^), It is  postu la ted  th a t sim ultaneous attachm ent of the m yosin
head a t two consecu tive  s ite s  ( s a y , A^ ^M^  and AgM^ ) c o n s titu te s  a s tab le  
l in k a g e , and th a t subsequent movement of the m yosin head along the ac tin  
ac tive  region proceeds in a se rie s  of d isc re te  s te p s , each  having a pro­
g re ss iv e ly  low er po ten tia l energy than  the  preceding one.
Huxley & Simmons consider th a t the most lik e ly  number of attachm ent 
s ite s  is  fou r, with th ree  s tab le  po sitio n s  and the full range of movement 
tak ing  p lace  in two s te p s , They have shown th a t an abrupt d ec rease  of 
length  (com pleted in le s s  than  1 m s ) , equivalent to  about 5 . Onm movement
5.0 nm . 6.75 nm
1.35 P,
3.65 nm
1.38 P,, 0 .73(1
Fig. 4 .7 .  A p o ssib le  schem e for the  changes of o rien ta tion  
of the  c ro ss -b rid g e , w hich are thought to  occur during firs t 
( 1 ) and second ( 2 ) s tr e tc h e s .
A. Mean head position  a t Sg for f irs t and second s tre tch es
B. M ean head positio n  a t Pq , before the app lication  of 
. a f irs t s tre tc h ,
C. M ean head position  a t the  end of a f irs t r e le a s e ,
i . e .  im m ediately before a second s tre tc h .
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per half sarcom ere , Is su ffic ien t to  cause  isom etric ten sio n  to  fa ll to 
ze ro , and th a t during the  few  m illiseconds following r e le a s e , su b stan tia l 
ten sio n  recovery o ccu rs . Progressively  le s s  ten sio n  is  recovered when 
s tep s  in ex cess  of 5. Onm are ap p lied , and for d isp lacem ents exceeding 
13 nm , no rapid ten sio n  recovery is  p o ss ib le . Thus , when a m uscle is  
m aintaining peak isom etric te n s io n , the in stan taneous e la s tic  elem ents 
m u st, on a v e ra g e \ be extended by about 5 .0  nm beyond th e ir unloaded 
(zero  ten sio n ) len g th .
F ig. 4 ,7  sum m arises.the even ts which it is  thought might take  p lace  
during s tre tch es  such as  th o se  employed in the  p resen t experim ents. For 
s im p lic ity , only a sing le  head w ill be co n sid e red . The position  the  head 
adopts w ill depend upon both the potential energy gradient tending to 
cause  it to  ro tate fo rw ards, and the  e la s tic  ten sio n  generated  in the AB 
l in k , which a c ts  to oppose th is  movement. It is postu lated  th a t at peak 
ten sio n  the m ajority of the  heads spend most of th e ir  tim e in position  B 
( AgM2  -  A3 M3 ) , and th a t in th is  position  the AB linkages are , 
on av erag e , extended by 5 , Ohm, T h u s, a rapid shortening s tep  change 
of 5 . Onm ( su ffic ien tly  rapid to  occur before the head has had time to  
ro ta te ) w ill abo lish  ten sio n  a lto g e th er. During the few m illiseconds 
im m ediately after the  length  change the  heads w ill move to adopt position  
C (A3 M3  -  A4 M4 ) and re-ex ten d  the  AB lin k ag e , so redeveloping ten s io n . 
From H uxley 's  recen t T^  ^ and Tg curves (H uxley , 1974) , it appears th a t 
in ro tating from B to  C , the linkages are extended by le s s  than  5 . Onm, : 
because  peak isom etric ten sio n  is  not fully regained ,* in s te a d , ten sio n
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recovers to  about 0 .78  x  Pq , suggesting  th a t the  linkages are restre tched  
by about 0,78 x  5 .0  = 3 .9  nm.
C onsider what may happen to  the system  when the  m uscle is  sub jec ted  
to  a ramp and hold s tre tc h . During the early  part of the  s tre tch  (up to 
ten sio n  is  generated by ex tension  of the AB linkage and the head m aintains 
its  p o sitio n . W hen ten sio n  reach es  1 .075 x  Pq (te n s io n  a t 8  ^) ,  the 
myosin head begins to  ro ta te  backw ards ag a in st its  natural tendency  to  
move to  the next position  of low er po ten tia l energy . Tension continues 
to  r ise  a fter , w hich m eans th a t th e  applied length  change is  being taken  
up both by rotation of the h e a d , and by further ex tension  of the  AB lin k ag e . 
Rapid sarcom ere 'g iv e ' occurs a t S g , when m uscle ten sio n  has reached 
1 .38  X Pq , and for a filam ent d isp lacem ent of 11 .5  nm.
The question  i s , how much of th is  movement is tran sla ted  into ro t­
ation  of the head and how much is absorbed by ex tension  of the  AB link  ? 
Since the two elem ents are in s e r ie s ,  the AB lin k  is  holding a ten sio n  
of 1 .38  X Pq at 8 2 , and it must therefore be extended by 1 ,38  x  5 , Onm 
= 6 ,9  nm. The extra ex tension  of the AB link  generated  by the applied 
length  change is  thus 6 . 9 - 5 . 0  = 1 ,9  nm. Rotation of the  head m ust then  
account for 11 .5  -  1 .9  = 9 . 6 nm of movement.
Consider what happens during a second s tre tc h , follow ing a preceding 
re le a se . Tension fa lls  to  0 ,73  x  Pq a t the  end of the  r e le a s e ,  so a t the 
commencement of a second s tre tc h , the  AB lin k  is  extended by 0 .73  x  
5 , Onm = 3 .6 5 nm. Total filam ent d isp lacem ent to  82 for a second s tre tch  , 
is  1 8 .3 0 nm and th is  corresponds with a ten sio n  of 1.41 x  Pq, which
Myosin
Actin *1 *2  *3 A4
—  \Fig . 4 .8 .  \ ^ D ia g i^ W  a m yosin c ro ss-b rid g e  attached  to  the  ac tin  
ac tive  region in position  B (A2M2 -  A3M3 ) ,
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gives a value of 7 ,0 5 nm (1 ,4 1  x  5 , Onm) for ex tension  of the AB lin k ag e . 
T hus, of the 1 8 ,3 nm movement of the  filam ents 7 ,05  -  3,65 = 3 ,40nm  
goes into extending the  AB lin k ag e , leav ing  14,9  nm to  be accounted for 
by ro tation of the  h e a d ,
The important conclusion  to  emerge from th is  an a ly s is  is  th a t the 
s tab le  positions corresponding to  peak isom etric  ten sio n  and th o se  occu­
pied by the heads at the  end of a re le a se  are separated  bv a d is tan ce  of 
14.9 -  9 .6  = 5 ,3 n m ,
The range of filam ent d isp lacem ent required to  reach  83 during a f irs t 
s tre tch  h as  been shown to  be approxim ately tw ice th a t required in rapid 
re le a se  to abo lish  isom etric  ten s io n  ( 9 ,6 ,  compared to  5 ,0 n m ), This 
may seem surprising  a t f i r s t ,  but the explanation  is  qu ite  s tra igh t forw ard. 
Consider F ig, 4 ,8 ,  In itia lly , the head a ttach es  to the  ac tin  filam ent th ro ­
ugh the two s ite s  A^M^ and A2M2 , ro ta te s  to positio n  B ( A2M2 -  A3M3 ) 
and in so doing genera tes  full isom etric  ten sio n  by ex tension  of the AB 
lin k  (5 n m ). H en ce , an abrupt shortening s tep  of 5 nm ab o lish es  tension  
com pletely . Now, during s tre tc h , 5 nm of movement w ill force the head 
back to  position  A^Mi -  A2M2 but w ill not be su ffic ien t to  cause  forcible 
detachm ent. The figures obtained experim entally  imply in stead  th a t the  
single s ite  AxMj can rem ain a ttached  for a further 4 ,5  -  5 . Ohm of move­
ment before it too is  fo rcib ly  broken.
The experim ents described  in th is  chap ter permit one to  sp ecu la te  
on the nature of the  ac tin  ac tiv e  reg ion . The re su lts  are en tire ly  c o n s is ­
te n t w ith th e  Huxley-Simmons model and suggest a s tructure approxim ately
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1 5 .Onm in le n g th , com prising 4 eq u a lly -sp aced  attachm ent s i t e s ,  
separated  by about 5 , O nm (4 ,8  -  5 . 4 nm ). This d is tan ce  is  com parable 
with the  centre to  centre spacing  of the  ac tin  subunits th a t co n stitu te  
the th in  filam ent (H an so n , 1968) and it is  co n ce iv ab le , th ere fo re , th a t 
each  attachm ent s ite  is  lo ca ted  on a single monomer.
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CHAPTER V
THE EFFECT OF TEMPERATURE AMD VELOCITY OF LENGTH 
CHANGE ON THE FORM OF THE TENSION RESPONSE.
In the  experim ents referred to  in the proceeding c h a p te rs , re la tiv e ly  
slow  length  changes w ere applied  to  the  m uscle by com parison with 
th o se  employed by H uxley & Simmons in th e ir  experim en ts . This w as 
unavoidable b ecause  the  cine cam era used to  record the  movements of 
the  d iffraction  spec tra  had a maximum operating speed of only 64 fram es 
per seco n d , which lim ited th e  sam pling ra te  to  one observation  per 15 
m s. The im portant point a t is su e  in making the.experim ents to  be 
presented  in th is  chap ter w as : do such re la tiv e ly  slow  s tre tch es  allow  
su ffic ien t tim e for c ro ss-b rid g e  cycling  to  occur ?
There are tw o , re la ted  w ays of investiga ting  th is  q u es tio n ; f i r s t ,  to  
study the  effect of varying th e  v e lo c ity  of s tre tch  on th e  form of the 
ten sio n  record ; and seco n d ly , to  exam ine the tem perature dependence 
of th e  ten sio n  re sp o n se . It w as reasoned th a t if the ra te  of cycling of 
the c ro ss-b rid g es  has a s ig n ifican t effect on the  re sp o n s e , then  a ltering  
the tem perature a t a g iven v e lo c ity  of s tre tc h , or a lte rn a tiv e ly , varying 
the ve loc ity  of s tre tch  a t co n stan t tem p era tu re , ought to  provide some 
assessm en t of its  im portance.
It w as decided  a t the  o u tse t to  m easure two fea tu res  of th e  ten sio n
/
2-0 4 0
8 0 2 4 0
Fig, 5 .1 .  A se rie s  of records showing the ten sio n  resp o n ses  
produced by sub jec ting  a contracting m uscle to  ramp and hold 
s tre tch es  of 1060pm, a t v e lo c itie s  from 0 ,25  -  24m m .s"^
(0 .009  -  0 .86  X 1q) . S tretch v e lo c itie s  are shown below  each 
reco rd , in m m .s”^ . The applied leng th  changes are  show n, 
along with the  ten sio n  b ase  lin e  ( 0 ) .
The top  record w as made a t a h igher g a in , b ecause  the  ten sio n  
generated  by a s tre tch  a t 0 .2 5 m m .s“ l , is  sm all.
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record:
1) The maximum 'ho ld ing  fo rce ' supported by the  sarcom eres a t 
the point 82 » w here rapid ex tension  occurs; th is  is  referred
to  h erea fte r a s  Pg 2 »
2) The mean s tiffn e ss  of the m uscle up to  th is  point ( E ^ ) .
W ith regard to  the m easurem ent of m uscle s tif fn e s s , the ten sio n
increm ent produced on s tre tch in g  to  $2  w as n e c e ssa rily  rela ted  to  the
ex ternal length  change im posed on the m uscle , s in ce  for the reason
.
given above , the movement of the d iffraction  sp ec tra  could not be followed 
w ith  su ffic ien t tim e reso lu tion  to  permit observations to  be made over the 
range of v e lo c itie s  in v estig a ted .
It w as assum ed in itia lly  th a t both Pg2 and Ejj^  would be proportional 
to  the number of ac tiv e  c ross «bridges holding the filam ent to g e th er and 
th a t th is  number would be inversely  related  to th e ir  speed  of cy c lin g . 
A ccordingly, it w as an tic ip a ted  th a t below a ce rta in  c ritic a l speed  of 
s tre tch  the response ought to  show a dependence on v e lo c ity , but not 
above i\^^_This w ill be shown to  be so . H ow ever, experim ents in w hich
" A  \temperature^wgs-'Varied over a w ide range ( 0 « 30 ‘’C ) revealed  a strik ing  
■ d ifference in the way in w hich the c ritica l v e lo c itie s  for Pg2 and E ^  varied  
and consequen tly , they  ra ise  some doubt about the o rig inal assum ption 
th a t both param eters are re la ted  in a sim ple way to  the speed  of c ro s s -  
bridge cy clin g . Indeed , from the evidence it appears th a t there may be 
two p a ra lle l reactions involving ATP h y d ro ly s is , to  w hich Pg^ and E ^  are
2-0—1
7  0O?
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320 2 4 20 2412 28168
S t r e t c h  v e l o c i t y  — m m .
Fig, 5 ,2 .  Values for the ten sio n  generated  a t Sg (Pgg) ' 
expressed  a s  a m ultiple of the isom etric ten sio n  ( P q )  , p lo tted  
ag a in st the speed of s tre tc h . R esults are  from two m u sc le s .
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S tr tfe h  velocity  —  m m .»*'
2-0 - 1
Stretch velocity mm.r*
F ig . 5 .3 ,  M uscle ex tension  required 
to  reach S2 , p lo tted  a g a in s t the  
speed of s tre tc h ,
F ig . 5 .4 .  M uscle s t if fn e s s , given 
by "1^ 1/  A L , plo tted  ag a in s t the  
speed  of s tre tc h .
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sep ara te ly  re la ted . If  further experim ents should prove th is  to  be so,- 
then  a de ta iled  study of th e se  two m uscle param eters may afford an exper­
imental approach by m eans of which the two p ro cesses  may be studied  
in the liv in g , in tac t m u scle .
D ependence of Pg^ on v e lo c ity  of s tre tc h . Several records showing the
ten sio n  response  produced by sub jec ting  a contracting m uscle to  a ramp
“1and hold stre tch  of 1060pm at v e lo c itie s  ranging from 0 .2 5 - 2 4 m m .s are 
shown in F ig , 5 .1 .  The m uscle w as stim ulated te ta n ic a lly  a t a tem perature 
of 0 “C. The point" 8^ a t which rapid sarcom ere ex tension  occurs is  v is ib le  
in a ll reco rd s , although for slow er s tre tch  v e lo c itie s  th e  response is  gener­
a lly  more rounded in form. The re su lts  for two experim ents in which, the  
maximum ten sio n  borne by the  sarcom eres (PS2 ) expressed  a s  a m ultiple 
of the  isom etric ten sio n  ( Pq ) is  p lo tted  ag a in st v e lo c ity  of s tre tch  are 
shown in F ig. 5 ,2 ,  The value  of Pg2 / ^ o  i^^ereases in a roughly lin ea r
fash ion  with increasing  v e lo c ity , reaching a maximum of 1 ,55  a t about 
“14mm. s ; th e rea fte r , it rem ains more or le s s  co n s ta n t. T hus, there  is
a range of v e lo c itie s  over w hich P g ^ /P o  highly  v e lo c ity  dependent and
a range over which it shows l i t t le  or no dependence .
The particu la r v e lo c ity  marking the  tran sitio n  betw een th e se  two ranges 
-X(3 .8  m m .s in th is  in s tan ce ) is  referred to  as  the c ritica l ve lo c ity  and is
denoted by . For p rac tica l purposes it can be considered  to
represen t the minimum v e lo c ity  of s tre tch  required to  give an ‘ u n d is t­
orted * ten sio n  re sp o n se , in the sen se  th a t there  is  in su ffic ien t tim e fo r an
16—M
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Fig. 5 .5 ,  A fam ily of curves for P g g /P q  p lo tted  ag a in s t speed 
of s tre tc h , a t the  follow ing tem peratures
0—0 0 ° C ; 0 - 0  6 *C; h—n .12*0; o -q  1 8 * 0 ;
2 3 * 0 ; 30*0 .
|<8—
o
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0 —
Stretch velocity — mm;s’*’
Fig, 5 .6 ,  A fam ily of curves for m uscle s tiffn e ss  plotted  
ag ain st speed of s tre tch  , a t the same tem peratures a s  shown 
in Fig. 5 .5 .
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appreciab le  number of the  c ross  -  bridges to execute th e ir  ' normal ' 
forward movement and d e tach . It w ill be recalled  th a t the  preceeding
experim ents involving the m easurem ent of d iffraction  sp ec tra  w ere made
-  \  -1a t about \0 °C and employed s tre tch es  a t a ve lo c ity  of 4mm. s  ^•
D ependence of inuscle s tiffn e ss  ( Em) on v e lo c ity  of s tre tc h . The s tif f ­
n e ss  of the m u scle , E ^ ^ .is  g iven by:
A P / P n  :
where AP = PS2 “ Pq*
and A = ex ternal leng th  change required to  reach  8 2 »
Fig, 5 ,3  shows th a t A L^ is independent of the v e lo c ity  of s tre tch  for 
speeds g rea te r than  aboiit 4 m m .s"^ , but fa lls  from approxim ately 300pm 
to  190pm over the  range 0 , 2 5 - 4  m m .s” ^. The v a lu es obtained for Em 
( arbitrary  un its  ) are p lo tted  ag a in s t speed of s tre tch  in F ig. 5 .4 ,  The 
overall shape of the curve is  sim ilar to th a t obtained  when Pgg/Po is 
p lotted  ag a in s t v e lo c ity . In th is  particu lar in s tan ce , for an  experim ent 
made a t  0*0 / Gy is  found to be 3.5m m ,s"*i. .
D ependence of Oxr for P(?q/Pq and E^ on tem perature. If the va lues of 
Gy for both param eters are  re la ted  to the ra te  of cycling  of the c ro s s ­
b ridges, then they ought to be in creased  by ra ising  the  temperature*
Fig, 5 .5  shows a fam ily of curves for Pgg/Po ag a in s t stretch ve locity
Temperatureoc CV Ps,/ % C V  E m
0 3 8 3-5
6 5-0 4-8
12 7 5 7-4
18 10-5 9-0
23 14-5 10-1
30 2 1 - 8 13-0
Table 5 . C ritical v e lo c ity  v a lu es  for /P q  ( column 2 ) 
and Em (colum n 3) for each ,o f the  experim ental tem peratures 
( column 1 ) .
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a t a se rie s  of tem peratures ranging from 0 ~ 30°C, The curves have the 
same form a s  those  shown in Fig. 5 .2  , but the d iscon tinu ity  represen ting  
C y  is  d isp laced  to the righ t, tow ards higher v e lo c itie s  , a t  the higher 
tem peratures. Table 5 , column 2 l i s t s  the va lues of Cy for each of 
the tem peratures stud ied . They in c rease  approxim ately 6x on ra ising  the 
tem perature from 0‘*C to 30*0 .
A sim ilar fam ily of curves re la ting  to s tre tch  v e lo c ity  a t  d ifferent 
tem peratures is  shown in Fig, 5 .6 , Cv values a t each  of the tem peratures 
are  lis te d  in Table 5 , column 3 and should be compared with those
obtained  for Pgg*
This com parison rev ea ls  an  in teresting  difference in the way in which 
the C y S  for P s2 /^ o  ^nd vary with tem perature. For tem peratures up to 
12“ G they are  not markedly d ifferen t ( a s  would be expected  if the Cy  for 
both param eters w as re la ted  to c ro ss-b rid g e  cycling in a sim ple w a y ) , 
bu t beyond th is  tem perature the’ Cv for Em shows a re la tiv e ly  s lig h t depend­
ence on tem perature^as compared with the corresponding va lues for Egg/Pg. 
Thus, over the range 12 -  30 * 0 , the c ritic a l ve locity  for Em in c reases  
only 1. 76 X , w hereas over the  same range of tem peratures there  is  a 3 - 
fold in crease  in O^ for Pg 2/ ^ 0 '
' The point is  more strik ing ly  dem onstrated when the O ^ 's  are  p lo tted  
a g a in s t tem perature. The value for Pg^/P^ in c reases  in an exponential 
fash io n , with a of 1 ,78  ( Fig, 5 .7  ), On the o ther hand, the in c rease  
in Oy for Em is  more com plex, and the curve ( Fig. 5 .8  ) appears to
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Fig , 5 . 7 .  C ritica l v e lo c ity  ( C^ ) v a lu es  for Pg^ /P q 
p lo tted  ag a in s t tem perature.
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Fig, 5 ,8 .  C ritica l v e lo c ity  (C v) v a lu es  for 
p lotted ag a in s t tem perature.
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Fig, 5 .9 .  The same data  a s  th a t shown in F ig, 5 .7 ,  but 
d isp layed  in  the  fonn of an Arrhenius plot : log^ g Cy ag a in st 
1/a b so lu te  tem perature.
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Fig, 5 ,lu;'^^^Tli^sam e data  a s  th a t shown in F ig , 5 ,8 ,  but 
. d isp layed  in the form ‘of an  Arrhenius p lo t.
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c o n s is t of two segm ents; one in the range 0 -  12°G, w ith a QlO of 1.78 
and one in the range 12 -  30**C with a Q^o 1 .44 ,
This ré su it questions the o rig inal assum ption th a t the c ritica l v e lo c ities  
for both param eters are  re la ted  d irec tly  to c ro ss-b rid g e  cycle  tim e. Two 
obvious points a re  ra ised : f ir s t ,  which, if either, of the two C ^ 's  more 
accurate ly  re flec ts  c ro ss-b rid g e  cycle  time and second , w hat is  the sign­
ifican ce  of the tran sitio n  tem perature ( 12"G ) separating  the two ha lves 
of the curve for ? ,
In a ttem p tin g  to answer th e se  questions i t  is  usefu l to p resen t the 
data in the form of Arrhenius p lo ts , in which the log^g G^ is  plotted  
a g a in s t the recip rocal of the ab so lu te  tem perature, so th a t the ac tiva tion  
energ ies of the ( un identified  ) ra te -lim itin g  s tep s  can  then be estim ated . 
The ac tiv a tio n  energy, E, is  obtained  from the s lo p e , S ,o f the lin e , and— 
is  given by:
E = S, 2.303R
where R = un iversa l gas co n stan t.
F igs. 5. 9 and 5 ,10  show Arrhenius p lo ts of the Gy values for Pg^/Po
and E ^. The p lo t for Pg^/P^ g ives a sing le  s tra ig h t lin e , with an activ-»-
1 Xa t ion energy of 9. 78 k ca l.m o l . “K . The corresponding plot for E ^ is
more com plex, co n sis tin g  of two stra igh t segm ents, in te rsec tin g  a t 12°G
and yielding ac tiv a tio n  energ ies of 12,5  kca l.m o l , °K (below 12®G )
«»• 1 1and 4. O 'kcal. mol , "K ( above 12'*G ),
14—
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Fig, 5 .1 1 , P la teau  v a lu es  for Pgg / F q p lo tted  ag a in st 
tem perature. V elocity of s tre tc h : 24m m .s"^.
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Fig, 5 .1 2 , P la teau  v a lu es for plotted ag a in s t tem perature,
V elocity of s tre tch  : 24mm,s""^.
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D ependence of maximum and values on tem perature. The
maximum ( p lateau  ) va lu es  for Pg2/^ o  ^m à re la tiv e ly  sm all,
inverse  dependence on tem perature F igs. 5.11 and 5 ,1 2  show the va lues 
obtained  by s tre tch ing  a t  24mm, s “  ^ p lo tted  ag a in s t tem perature. At th is  
speed  of s tre tch  the resp o n se  Is not markedly affected  by c ro ss-b rid g e  
cy clin g , s in ce  24mm. s ”  ^ is  w ell above the c ritica l v e lo c ity  a t  a ll  tem p­
e ra tu res . F g 2/^0  (^Gcreases in a roughly lin ear manner w ith increasing  
tem perature, from 1,.50 -  1 .20 in the range 0 -  30°C , a 1 .3  fold 
decr-eaa&r'Ejji shbw s a g rea ter dependence on tem perature, decreasing  by 
2.13 X ovejMÆxësame tem perature range. It w ill be noted th a t neither 
Pg^/pQ nor E^ show the  large  tem perature dependence which would be 
expected  for a chem ical p ro cess .
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DISCUSSION
The aim in making th is  se rie s  of experim ents w as to  see  if the ten sio n
responses are markedly affected  by the  v e lo c ity  of s tre tch in g . The
experim ents of the preceeding chap ter were conducted a t 0 -  2 .5 ° C , using
- 1.com paratively slow  sp eed s of stre tch ing  (about 4 m m .s ) for the  reasons 
already  g iven . It has been shown th a t a t th is  tem p era tu re , the  is about
” 1 - j '3 .8  m m .s , below w hich PS2 / P 0 ^m show an alm ost lin ea r dependence 
on v e lo c ity , but above w hich the  v a lu es are re la tiv e ly  unaffected by any 
further in crease  in sp eed , it.m ay be sa fe ly  concluded , th e re fo re , th a t the 
method of an a ly s is  used  e a rlie r  to  account for the ten sio n  resp o n ses  and 
concom itant changes in sarcom ere leng th  in term s of the  H uxley & Simmons 
model is  not se rio u sly  compromised by having ignored tem porarily  the  p o ss ­
ib ility  of cycling of c ro ss-b rid g es  during the  period of s tre tc h .
It may seem  surp rising  a t f irs t sigh t to  find th a t such  slow  s tre tch es  
(approxim ately 1 / 1 0 th of the  maximum velo c ity  of shortening of th e  sa r­
com eres during an un loaded , iso ton ic  con traction) are su ffic ien t to  
elim inate the e ffec ts  of c ro ss-b rid g e  cy c lin g , but the recen t work of 
C urtin , G ilbert, Kretzschm ar & W ilkie (1974) h as  shown th a t the  mean 
cycle  tim e of the  c ro ss-b rid g es  during an isom etric con traction  is  ra ther 
lo n g ; they  arrive a t a figure of around 340m s a t 0°C .
In the event the  experim ents have provided additional inform ation of
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Fig, 5 .1 3 , The ve loc ity  dependence of /P ^  for frog 
sarto rius ( open c i r c le s ) and toad sarto rius (fille d  c ir c le s ) .  
Temperature : 0"C.
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considerab le  in te re s t. The orig inal assum ption had been th a t Pgg/Po 
and would provide a s tra ig h t forward index of the  ra te  of c ro ss-b rid g e  
cycling . The ra tio n a le  w as simply th a t  both the maximum holding force 
and m uscle s tiffn e ss  ought to depend only on the number of c ro ss-b rid g es  
linking the filam ents together, which would in turn be inversely  re la ted  
to  the speed of cycling . There are  a number of consequences of th is  view . 
F irs t, the C ^ ’s ought to .in c re a se  w ith increasing  tem perature, s in ce  the 
ra te  of cycling w ill be g reater a t  h igher tem peratures. This point is  taken 
up again  la te r . Secondly, values ought to be proportional to the 
in trin s ic  speeds of shortening of d ifferent kinds of m uscle. ( A com parison 
of the ve locity  dependence of Pgg/Po frog and toad sarto riu s  is  shown 
in  Fig, 5 .1 3 . It is  w ell known th a t toad m uscle co n trac ts  a t  about h a lf  the 
speed  of frog m uscle ( H ill , 1970 ) , and the two curves shown here, 
for an experim ent made a t 0° C , show th a t the c ritic a l velocity  for toad 
sarto riu s  is  a lso  about half of th a t for frog m uscle .) Third, the maximum 
v alu es for Pg2/^ o  ^m ( i* values obtained by s tre tch ing  a t or above 
the c ritic a l ve lo c ity  ) ought to show a re la tiv e ly  sm all dependence upon 
tem perature. It is  im portant to be c lea r about w hat is  being m easured in 
each  c a s e . The maximum holding force ( Pg^) has been iden tified  a s  the 
tension  borne by the c ro ss -b rid g es  im m ediately prior to being forcibly  
detached  ( position  C , Fig, 4 .7  in the preceeding chap ter ), The nature 
of the chem ical bonds holding the  myosin head to the ac tin  filam ent is  
unknown, but an in c rease  of tem perature would be expected  to d ec rease
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the  bond streng th  by v irtue  of an in crease  in therm al m otion. S im ilarly , 
the s tiffn e ss  of the lin k a g e , assum ing it  has  a 'normal* (no t rubber-like) 
e la s tic ity  , and hence the  value of E ^ , would show a d e c rease  with 
increasing  tem perature . Both p red ictions are bom  out by the experim ental 
r e s u lts ,  and in each  c a se  the  tem perature dependence is  sm all, a s  would 
be an tic ipated  for a purely  physica l p ro c e ss .
The observed e ffec ts  of varying tem perature on the  G ^'s of ^82 '^^o 
and E^ are  more d ifficu lt to  in te rp re t. Once ag a in , it is  im portant to  bear 
in mind the  conform ational changes contributing to  /P g  and E^ in 
term s of the  model used  e a r lie r . F irs t ,  the s tiffn e ss  of any one c ro s s -  
bridge is  determ ined by ( i )  the  inherent s tiffn ess  of the AB link  and ( i i )  
the degree to  w hich th e  m yosin head re s is ts  being forced backw ards ag a in s t 
i ts  natural tendency  to  ro ta te  forw ards. The s tiffn e ss  of the  whole m uscle 
w ill depend on th e se  two fac to rs  and a lso  upon the  number of c ro ss-b rid g es  
contributing to the e ffe c t. On the  o ther hand , P g ^ /p Q  depend on ( i)  
the holding force of each  head a t the point where it h as  been forced to  
ro ta te  backw ards and has reached position  C? and ( i i )  the number of 
c ro ss-b rid g es  link ing  the filam ents tog e th er. The re s is ta n c e  to  backward 
movement of the, h e a d , which m ust contribute to  the  s t i f fn e s s , would not be 
expectS^Tto^influ^ice Pg^. It is  reasonab le  therefore to  seek  to  account 
for the observed^difference in the  tem perature dependence of th e se  two 
v ariab les  in terms of a change (oocuring a t about 12°C) in th e  tendency  
of the  head to  r e s i s t  th e  movement imposed upon it by th e  leng th  change.
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Barany (1967) has shown th a t the  ATPase ac tiv ity  of f re s h , frog myo­
fib rils  has a sim ilar dependence on tem perature to  the  v a lu es for
Below 12” G the ac tiv a tio n  energy for ra te  lim iting step  in the  sp litting
—1 —1of ATP is found to  be 22 .8  k ca l.m o l ,"K , and above th is  tem perature ,
it fa lls  to  13 .7  kca l.m o l ^.°K. ^ . The abso lu te  m agnitudes of the ac tiv a tio n  
energ ies found by Barany and th o se  obtained from the  corresponding se g ­
m ents of the Arrhenius p lo ts  for the c ritica l v e lo s itie s  of E^ are very  
d iffe ren t, but it is  s ign ifican t th a t the  tran sitio n  tem perature occurs a t 
the  same point and th is  is  of considerab le  in te re s t., Lymn & Taylor (1970) 
iden tified  th e  ra te -lim itin g  s tep  in th e  hydrolysis of ATP as  being the  
d isso c ia tio n  of the products of the reaction  from HMM, Their schem e 
w as a s  follow s ;
A B
HMM.ATP ------► HMM.ADP.P  ^  HMM + ADP f  P . ---- -
w ith reaction  B being ra te  lim iting  ra ther than A,
H ow ever, according to  M alik & M artonosi (1 9 7 2 ), product d isso c ia tio n  
is  rate-lim iting  only a t low  tem peratures ( 6“C) and not a t h igher tem per­
a tu res ( 23”C ) . These authors found th a t a t the h igher of the  two tem per­
a tu re s , product d isso c ia tio n  ( s te p  B) is  g reatly  acce le ra ted  and the ra te  
of hydrolysis of ATP is  then  governed by an unidentified  in term ediate s te p . 
They did not in v estig a te  the  k in e tic s  of the reaction  a t tem peratures o ther 
than  6 “G and 23"G, so it  is  im possib le to  say  where the  tran sitio n  o cc u rs ; 
n ev erth e less  it is  tem pting to  sp ecu la te  th a t it corresponds w ith the 
tran sitio n  tem perature for th e  c ritic a l v e lo c ity  observed h e re , and
T e m p .
r a n g e
A c tiv a t io n  E n e r g ie s  ( k c a l .m o r î* K  )
Em ATPs o l l t t i n a
0 -  12’C 9.8 12.5 22.3 22.8
12 -  30*0 9.8 4.0 13.8 13.7
Table 6 . Activation energ ies obtained from the Cy v a lu es  
for PS2 / P 0 &]:id Ejjj over two tem perature ran g es. The a c tiv ­
ation  energ ies for ATP sp litting  (Barany, 1967) are shown for 
com parison.
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for the  ATPase ac tiv ity  found by Barany. M alik & M artonosi do not arrive 
a t any conclusion  regarding the nature of the ra te -lim itin g  s tep  a t h igher 
tem pera tu res , but Trentham , B ardsley, E ccleston  & W eeds (1972) su g g est 
th a t it may be an in term ediate m yosin-product complex which undergoes 
a conform ational tran sitio n  to  the  final m yosin-product com plex, the  rate 
of th is  tran sitio n  governing the overall rate of the reac tio n ;
ATP f  HMM HMM.ATP ------ ^  HM M *.ADP.P------►
HMM.ADP.P  HMM.ADP + P  ----- ^  HMM + ADP + P
It is  conceivable th a t th is  in term ediate s tag e  is  the  ra te  lim iting  s tep  
a t h igher tem p era tu res , w ith the  d isso c ia tio n  of HMM.ADP.P being 
ra te  lim iting a t  low er tem pera tu res .
Are there two reactions during c ross-b ridge  cycling w hich consume ATP ? 
The in te re s t in th e  p resen t re su lts  stem s from the  p o ss ib ility  th a t 
m easurem ents of Pgg /P ^  and E^ may provide inform ation about the 
tem perature dependence of two d ifferent reactions involving the  hydrol­
y s is  of ATP, It w ill be reca lled  th a t the  ac tiv a tio n  energy for the sp littin g  
of ATP by f re sh , frog m yofibrils at tem peratures in the range 0 -  12°C is
22 .8  kcal.m ol ^ ^  , and above 12®C the  value is  1 3 ,7 k ca l.m o l ^.®K ^ . 
If the ac tiv a tio n  energ ies for th e  C,^'s for Pgg /P g  and E^ are exam ined 
over th e se  two ranges (Table 6 , facing) it tran sp ires  th a t th e ir  sum
approxim ates very  c lo se ly  to  the overall values obtained by Barany for . : 
the  ra te  lim iting s tep  in th e  hydro lysis  of ATP.
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It is  in te restin g  to  s p e c u la te , on the b as is  of th e se  f ig u re s , th a t 
th e  overall ra te  of sp litting  of ATP by fresh  m yofibrils rep resen ts  the  
sum of two d iffe ren t, p ara lle l re a c tio n s , both involving the  sp littin g  
of ATP , but having m arkedly different tem perature coeffic ien ts  , and 
th a t estim ates  of th e  for Pg^ / P q and under d ifferen t conditions 
may afford a means of investiga ting  the  two reac tio n s  independently  of 
one ano ther, in the  liv ing  m u sc le . Of course it h as  to  be adm itted th a t 
the c lo se  agreem ent betw een the  ac tiv a tio n  energ ies may be purely, co­
in c id en ta l, but th is  seem s im probable.
Effect of regulatory pro teins on the  tem perature dependence of actom yosin
*
ATPase a c tiv ity . W hile it would be premature to  push the  above lin e  of 
reasoning too f a r ,  there  is  one re levan t paper which d eserv es  spec ia l 
m ention. H artshorne, B arns, Parker & Fuchs (1972) studied  the tem p­
erature dependence of ATP hydro lysis by natural actom yosin and d e s e n s it­
ised  actom yosin (rab b it p ro te in ) , and found th a t in co n trast to  natural 
actom yosin , the Arrhenius plot for the  ATPase ac tiv ity  of the  d e se n s itise d  
preparation is  lin e a r  over th e  range 0 -  40°C; th is  led  them to  conclude 
th a t the  regulatory pro tein  system  influences the  tem perature dependence 
in so m é 'Y ^ "  T hus, in the  absence  of e ith er Ca or troponin A, th ey  
found the Arrhenius p lot to  be lin e a r  a t tem peratures below  40 The 
dependence of the  Cy for E^ on tem perature may therefore be re la ted  in 
an as  yet unknown w ay to  the  e ffec ts  of the regulatory  protein system .
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Economy of ATP usage during s tre tch . Recent experim ents by Curtin & 
D avies (1973) have shown th a t the  breakdown of ATP in a contracting 
m uscle (poisoned w ith FDNB) is g reatly  reduced by s tre tch in g , and th a t 
th is  increased  economy of ATP u tiliza tio n  is  influenced by the  v e lo c ity  
of s tre tc h . It would be in te restin g  to  be able to  make a careful comp­
arison  betw een the  v e lo c ity  dependence of ATP consum ption and the 
v e lo c ity  of Pq^ / P q and E^^. U nfortunately , Curtin & D av ies ' ATP d e te r­
m inations were a ll made on m uscles which had contracted  a t 0 "C , where
\
the  veloc ity  dependence of P gg /P o  and Ej^ is  p rac tica lly  iden tical?  no 
observations were made on m uscles contracting  a t h igher tem p era tu res . 
Furtherm ore, th e ir  changes in v e lo c ity  were ach ieved  by a ltering  both the 
am plitude and duration  o f  s tre tc h , which makes the  re su lts  d ifficu lt to  
in terp re t. N ev e rth e le ss , one im portant feature they  report is  th a t th e .ra te —  
of breakdown of ATP d e c rea se s  w ith increasing  v e lo c ity  of s tre tc h , reaching 
a minimum value ( approxim ately 10 %. of the rate  of breakdown in an un- 
stre tched  m uscle con tracting  isom etrica lly ) a t a v e lo c ity  of 3 .65  mm. s . 
This figure com pares c lo se ly  w ith the Cy va lu es  for Pg^ /P g  
0®C. If the sp littin g  of ATP during a m aintained te tan u s  is  proportional 
to  the  ra te  of c ro ss-b rid g e  cycling  (a fte r  having made the  appropriate 
correction for ATP consumed by the  calcium  pumping ac tiv ity  of the  sarco ­
plasm ic re tic u lu m ), then  the  reduction of ATP consum ption during s tre tch  
would suggest th a t the  ra te  of cycling  is  much reduced ( to  about 1 / 1 0 th  
of the  ra te  in an un stre tched  isom etric  con traction) or a lte rn a tiv e ly , th a t 
under such  conditions ATP is  not required for c ro ss-b rid g e  detachm ent.
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CHAPTER VI
TENSION RE8PON6 '- S TO LENGTH CHANGES OF SMALL AND 
INTERMEDIATE AMPLITUDE.
The ten sio n  resp o n ses  of a contracting  m uscle to  la rge  am plitude 
length  ch an g es , su ffic ien t to  d isp lace  the filam ents beyond the  point 
a t which the c ro ss-b rid g es  become detached from th e  ac tin  f ilam en t, i
have been fu lly  described  in Chapters III and IV. Tension recordings 
which b es t illu s tra te  the  resp o n ses  of a m uscle to  long s tre tch es  tend 
to  obscure the  le s s  pronounced effec ts  w hich occur a t . In th e  ex­
perim ents to  be described  in th is  ch ap te r, re la tiv e ly  sm all s tr e tc h e s  —
and re le a se s  w ere applied  to  contracting and restin g  m u sc les . These 
were su ffic ien tly  large  to  exceed , but not 8 3 .
Sarcomere movements w ere not recorded , as  the  reso lu tion  of the 
la s e r  d iffraction  system  is  not su ffic ien t to  follow  the movements pro­
duced by length  changes sm aller than  th o se  required to  reach  Si (1 ,5 5  
nm per h a lf sa rc o m e re ) , but the  movements recorded during long s tre tch es  
have shown the ex ten t to w hich the external length  change is  taken  up 
by th e  con trac tile  elem ents in the  whole period up to  8 2 , and from th e se  
it  is  p o ssib le  to  estim ate  the maximum amount of ex tension  which can 
occur up to  S i o
1 X 10'
N.m-^
200 fj /
y
I
0*2 sec
Fig, 6 .1 , Tension produced in a resting  m uscle (upper tra c e )  by 
a ramp and hold s tre tch  of 200pm (low er t r a c e ) , The in flec tion  a t 
Si is  c learly  v is ib le .
4 X 10' N.m'^
200 H [
0 1  .sec
Fig, 6 ,2 , Tension produced in  a contracting  m uscle (upper tra ce ) 
by a ramp and hold s tre tch  of 300pm (low er t r a c e ) . The in flec tion  
a t Sj is  c learly  v is ib le .
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Interm ediate am plitudes.
Tension, responses of. resting  and contracting  m uscle to  single ramp 
and hold s tre tch es  of in term ediate am plitude. It h as  been known for 
many years th a t a frog’s sarto rius a t re s t exerts a sm all force (H ill ,  1949) 
even when it is  held  a t a length  su b stan tia lly  below  the  standard length  
in the  body, and. there  is  ev idence th a t th is  is  due to  a form of in terac tion  
betw een the filam ents (H ill ,  1968, 1 9 7 0 a ,b ) .  It is  thought th a t th is  
te n s io n , ca lled  by H ill the filam entary  restin g  te n s io n , or FRT, is  gener­
ated by a sm all number of re la tiv e ly  long -lived  c ro ss-co n n ec tio n s  betw een
the  filam ents and th a t th e se  are a lso  responsib le  for the  ch a rac te r is tic  
» *short-range e la s tic .p ro p e rtie s  of a restin g  m uscle .
Fig, 6,1 illu s tra te s  the  form of the  ten sio n  response  produced in a 
resting  m uscle by a ramp and hold s tre tch  of 200pm , The s tiffn e ss  of 
the m uscle is  high during the early  part of the s tre tch  (about 35pm) but 
th e rea fte r the  re s is ta n c e  to  s tre tch  f a l ls ,  and ten sio n  r is e s  le s s  s teep ly  
( in  some in s ta n c e s , may ac tu a lly  fa ll)  during the  rem ainder of the  s tre tc h . 
The m e a i j^ ^ g re e \ | ex tension  required to  produce th is  abrupt change in 
s tiffn e ss  is  found to' be 35 .8  ^  2 .4  pm (*  1 S .D . ; n = 5 ) ,  This is  compar­
ab le  with the  ex tension  required to  reach Si in a contracting  m uscle .
F ig . 6 ,2  shows the  ten sio n  resp o n ses  of a te tan ise d  m uscle to  a s tre tch  
of 300pm at a ve lo c ity  of 2 m m .s” ^ , It is  s im ilar in form to  th a t of a 
resting  m uscle . Tension r is e s  s teep ly  until the m uscle has been extended 
by about 40pm (m ean 42.1  * 1 ,5pm  ; n = 7) , a t w hich point (S i)  m uscle
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s tiffn e ss  fa lls  and ten sio n  r is e s  a t a slow er ra te . Although the form of
1
the  responses is  sim ilar in both c a s e s , the ten sio n  generated in a co n - 1
trac ting  m uscle a t is  approxim ately 20 -  30 x la rg e r, reflecting  a much
g reater short range s tiffen s  s .  |
It is  of in terest, th a t the  amount of ex tension  required to  reach 8  ^ in I
a m uscle a t re s t is  u su a lly  s ligh tly  le s s  than in a contracting m uscle . i
On the b a s is  of sarcom ere m easurem ents made during large am plitude '
s tre tches^ it would be an tic ipated  th a t a g rea te r proportion of the  external]
applied length  change w ill be taken  up by the sarcom eres in a resting
m uscle than  in a con tracting  m uscle , and th is  d ifference may be more
apparent than  real ; it is  probable tha t the ac tu a l filam ent d isp lacem en ts  ;
in y ^ y b ^ n -re a c h in g  8% are the  same in each  c a s e ,  although unfortunate!: \ \th is  p o ss ib ility c a n n o t be verified  experim entally  a t the  p resen t tim e.
In restin g  m u sc le , the degree of ac tiv ity  can be taken  as being 
re la tiv e ly  co n s ta n t, w ith l i t t le  movement of the filam ents tak ing  p lace  , 
apart from th a t imposed by the  applied length  c h an g e , and the  same may ; 
be true of a te tan ise d  m u sc le , once the  p la teau  of isom etric ten sio n  has 
been a tta in e d , It is therefore of in te re st to  compare the short range 
e la s tic  behaviour of a m uscle under th ese  c o n d itio n s , w ith th a t seen  
during a sing le  tw itc h , where the  lev e l of m uscle ac tiv ity  is  changing 
continuously  and a considerab le  degree of filam ent movement m ust take   ^
p la c e , even under 'iso m etric ' cond itions. F ig , 6 .3  shows the ten sio n  
responses of a m uscle to  ramp and hold s tre tch e s  applied a t d ifferent 
tim es during a tw itch . It can be seen  th a t th e  ten sio n  increm ent (up  to
250 fj
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Fig» 6 .4 .
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250 H ___
Ix 10^  
N . m " *
F ig . 6 .5 .
F ig s. 6 ,4  and 6 .5  The effect of a single (6 .4 )  and double 
( 6 .5 )  s tre tch  and re lea se  cycle  of 260jum a t 4 m m .s” ^; 
applied to a m uscle during the  p la teau  of a te tan u s  .
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S i  changes throughout the tw itch . At peak ten sio n  the  value  is  1 .6 ,
X .  10^ N.m~^ fa lling  t o ,0 .4 X  10^ N .m  ^ a fte r  350m s. The h igher v a lu e , 
which is equivalent 0.072 x  Pq (w here Pq is the peak te ta n ic  ten sio n ) 
is  s im ilar to  th a t found during a te tanus ( 0.075 x  Pq ; chap ter III) * This 
is  of considerab le  in te re s t , s in ce  it im plies th a t the  s tiffn e ss  of the 
m uscle a t the  peak of a tw itch  is  com parable with th a t during a te ta n u s , 
although careful m easurem ents of the  sarcom ere ex tensions would be 
n ecessa ry  before any further.conclusions could be draw n. This is  not 
p o ssib le  with the reso lu tion  av a ilab le  a t p resen t.
I t seem s lik e ly  th a t th e  point 8  ^ rep resen ts the e la s tic  lim it of a com­
ponent in the m uscle which is  involved in generating filam entary  resting  
ten sio n  as  w ell as the tw itch  and te tan u s  te n s io n . The g rea ter lev e l of 
ten sio n  generated in a coritracting m uscle and the h igher level of short 
range s tiffn e ss  can,be a ttribu ted  to  a la rg e r number of th e se  elem ents 
ac ting  in p a ra lle l .
Tension changes during cy c lica l length  changes of interm ediate am plitude.
Fig. 6 .4  shows the effect of a sing le  s tre tch  and release, cycle of 260jam ^
-1at a ve lo c ity  of 4 .1 6 m m .s  ^ applied  to  a m uscle a t the  peak of a te ta n u s . 
Tension r ise s  to  a maximum value  of 1 .30  x  Pq , its  ra te  of r ise  appearing 
fairly  cbp istar^^  th e  sw eep speed is too slow  to  reveal any d isco n ­
tinu ity  a t 8 ] .^ During r e le a s e ,  ten sio n  fa lls  very s teep ly  a t f ir s t ,  then  
more slow ly and fina lly  reach es a lev e l of 0 .90  x  P q .  Tension then  recovers 
to  about the  peak isom etric  value  over the next 300 m s .
I >10* hün-«
Fig. 6 . 6 . Tension changes produced by eight consecu tive  
cycles  of 180pm,applled. at the peak of a te ta n u s , showing 
the unique, a sym m etrical shape of a f irs t c y c le .
I >10* n
N.m-*
50 H ^
O’Ssec
Fig. 6 .7 . The ten sio n  responses of a te tan ised  m uscle to  
ten  cy c les  of s tre tch  and re le a se  of 3 0 pm.
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It is in teresting  to  note th a t the tension  lo s t during the re le a se  is 
considerably  g reater than  th a t generated during the s tre tch  which immed­
ia te ly  precedes i t ,  A sim ilar re su lt is seen  during a sing le  cycle of 
long length changes ( exceeding $2 ) when about l .B  x more ten sio n  is 
lo s t in re lea se  than  is generated by the preceding s tre tc h . F ig , 8 .5  
shows the  ten sio n  record produced by a double s tre tch  and re lea se  cycle 
of in term ediate am plitude applied  during a te ta n u s . The rate of r ise  of 
tension  (s tif fn e s s )  during the  second stre tch  is alm ost iden tica l to  tha t 
seen  during the  f ir s t ;  conseq u en tly , the  same ten sio n  increm ent is  gen­
erated by both s tr e tc h e s , although the maximum ten sio n  reached is  low er 
a t the  end of the second s tr e tc h , because  the  s tre tch  commences a t a 
low er ten sio n  le v e l.
During a second re le a se  ten sio n  fa lls  to 0 .87  x  Pq , m arginally low er 
than th a t reached afte r a f irs t re le a se  ( 0 .90  x  P ^ ) , but the ten sio n  change 
during '^^^econd\ ï^ e a s e  is  sm aller. F ina lly , the  m uscle redevelops 
ten sio n  ovefth e"n ex t few hundred- m illiseconds , un til the peak Isom etric 
lev e l is regained .
Small am p litu d es .
Tension responses to  cy c les  of small am plitude. A co n sis ten t feature 
of the  response to  cy c les  of large  and interm ediate am plitude is  the  fac t 
th a t the ten sio n  lo s t  during a f irs t cycle  re le a se  is  alw ays g reater than  
th a t generated by the  s tre tch  which precedes It ; about 80% more in the
2 X 10  ^
N.m-2 Pn-I
50 fi [
150 ms
Fig. 6 . 8 . The same conditions as  F ig. 6 .7  but a t h igher 
gain and sweep sp eed . The ten sio n  record c lo se ly  follow s 
the changes in m uscle len g th .
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case  of cyc les  o f—/Imm and about 40% more in the  ca se  of cy c les  o f 
250pm . By c o n tra s t, the  ten sio n  lo s t in a second (o r subsequent) 
cycle is  approxim ately equal to  th a t generated by the preceding s tre tc h , 
This is  c learly  shown in F ig. 6 . 6 . The ten sio n  response to  small 
am plitude s tre tch  and re le a se  cycles  (^3 0 p m ) does not show th is  
strik ing asym m etry.
Fig. 6 ,7  shows a ty p ica l recording of the ten sio n  changes produced 
by a number of consecu tive  cy c les  .of s tre tch  and re le a se  , of 30pm ,
The small 's aw -to o th ' o sc illa tio n s  correspond to  the changes in  len g th . 
The overall shape of the  te tan u s  is  unaffected by the  length ch an g es . 
Sim ilar recordings are dep ic ted  in  F ig , 6 , 8 . At the  h igher g a in , the  
ten sio n  changes are seen  more c le a r ly ; ten sio n  r is e s  and fa lls  in an 
alm ost lin ea r  m anner, following c lo se ly  the fluc tua tions in len g th . T hus, 
it appears th a t over the  range 0 -  30 pm the  m uscle behaves a s  a normal* 
e la s tic  body, the ten sio n  generated by s tre tch  being equal to  th a t lo s t 
during re le a se .
AP/Po 01
AS/2 Snm
I nm
. AAB
5 nm
A H
Fig. 6.9 . Suggested changes in the-length  of two cro ss-b rid g e  
e lem en ts , the  AB lin k  ( A AB) and .the myosin head ( a H ) d u r i n g  
firs t (1 ) and second (2 )  cy c les  of s tre tch  and re le a se . Tension 
ch an g es , re la ted  to  Pq (A P / P q ) and Concomitant sarcom ere 
movements ( A S / 2 ) ,  are a lso  shown.
91
DISCUSSION
A model which accounts sa tis fa c to rily  for the behaviour of a m uscle 
sub jected  to large  am plitude leng th  changes (exceed ing  Sg) w as p resen ted  
in the  previous ch ap te r, and it is  of in te rest now to  consider how w ell 
it can account for the ten sio n  responses seen  in m uscle sub jected  to  
stre tch  and re lea se  cy c les  of interm ediate am plitude. Large and in te r­
m ediate am plitude cycles  produce resp o n ses  w hich d iffer in  two im portant 
re sp e c ts . F irs t, the  ten sio n  lev e l reached a t the end of f irs t and second 
stre tch es  is  approx im ately  equal for large am plitudes, but not for in te r­
m ediate o n e s . Secondly , the  lo s s  of ten sio n  during both f irs t and second 
re le a se s  is  alw ays approxim ately the same for large am plitudes but the 
second is  alw ays le s s  for in term ediate am plitudes.
An attem pt w ill be made to  evaluate  the changes occuring in the leng th  
of two iden tifiab le  elem ents of the  c ro ss -b rid g e , the force generating  
head and the  e la s tic  link  through which force is transm itted  to  the  f ila m e n ts , 
during f irs t and second cy c les  of 260jam (H uxley & Simmons, 1971 a ;  
i F ig. 1 .1 7 ) .
F ig, 6 ,9  i l lu s tra te s :
1 ) Changes in m uscle ten sio n  ( A P /P q ) .
2) Changes in the length  of each  half sarcom ere ( A S /2 )  and thus 
the ex ten t of re la tiv e  filam ent s lid in g . ( Sarcomere length  w as not mon­
ito red , but re su lts  obtained for cy c les  of large am plitude give an ind ication
' ■ ' '  ■of the  degree of filam ent movement expected for cy c les  of 260 p m ),
' \ »  ■ Wt
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3) C alculated  changes in the length  of the e la s tic  AB lin k  ( AAB).
. 4) C alculated  changes in the  length of the con trac tile  component 
accounted for by ro ta tion  of the m yosin head ( A H ) ,
C onsider the  even ts during a sing le  cy c le . The ten sio n  generated 
by the s tre tch  reaches a value of 1 ,30  x  Pq and from the  findings of Huxley 
& Simmons th is  rep resen ts  a mean ex tension  of the  AB link  of 1 ,3 0  x  5 ,0  
nm = 6 .5 nm, or an in crease  of 1 , 5 nm above its  length  a t peak isom etric  
te n s io n . On the-assum ption  th a t approxim ately f  of the external leng th  
change is  taken  up by the  sa rco m eres , the  re la tiv e  slid ing  movement of 
the filam '^nts w o u l^ b e  9 .2 'nm , and rotation of the  head must then  account 
for 9 ,2  -  1 ,5  = 7 .7 nm , which is s ign ifican tly  le s s  than  tha t required to  
cause  c ro ss-b rid g e  detachm ent ( 9 - 1 0  nm ; see  chap ter I I I ) ,  During 
r e le a s e ,  tension  fa lls  abruptly  a t f i r s t ,  reaching the Pq value a t a tim e 
when the filam ents have moved back by 5 .1 6 nm, ' C learly , as  ten sio n  
equals Pq the length  of the  AB link  must how be 5 .0  nm , and so the m yosin 
head can only have ro tated  by 3 ,66nm  (5 ,1 6  -  1 .5 0 n m ), implying th a t 
forward ro ta tion  has lagged behind the  movement of the filam en ts .
In the period rem aining, until the end of the  r e le a s e ,  ten sio n  fa lls  
to a lev e l of 0 ,9  x  P ^ , although its  decay  is  le s s  rapid than during the 
early  part of the re le a se . C onsequently , the  length of the AB link  m ust 
d ec rease  to 0 ,9  x  5 .0  nm = 4 ,5  nm , 0 ,5  nm below  its  leng th  a t peak  iso ­
m etric te n s io n , and so  the head must s till  be further backw ards than  in 
its  equilibrium  position  before the  preceding s tre tc h . Following the end 
of the re le a s e ,  ten sio n  r is e s  tow ards the  Pq lev e l w ith a half tim e of
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approxim ately 70 m s , and so the  AB link  is  being extended back to  its  Pq j
length  of S.Onm by forward ro tation of the head to  its  mean equilibrium  I
p o s itio n . I
A sim ilar sequence of even ts is  proposed for a second cy c le . At the
Ibeginning of a second s tre tc h , ten sio n  is  a t 0 .9 x  Pq , filam ent ex tension  |
is  zero and the AB link  is  0 .5 nm from its  equilibrium  p o s itio n . The s tre tch  j 
then  produces a r ise  in ten sio n  to  1 .21  x Pq which is  approxim ately the  
sam e increm ent as  th a t produced by a firs t s tre tc h . This is  rea so n ab le , !
a s  c ro ss-b rid g e  detachm ent is  minimal and hence m uscle s tiffn e ss  should 
be the same a s  in a f irs t s tre tc h . At 1.21 x  Pq the  AB link  has a leng th  of j
1,21 X 5 ,0  nm = 6.05 nm which is  1 ,55  nm above its  length  a t the  end of :
re lease. ( 6,05 -  4 .50  n m ) , filam ent slid ing  is the  sam e as in a f irs t s tre tch  
(9 .2  nm J\ and so h ^ d  ro ta tion  must account for 9 . 2 -  1 ,55  = 7 ,65  nm , !
Tension fa lls  rapidly  during the early  part of the  re le a s e ,  un til Pq is  j
reached (fo r a sm aller length  change than during a f irs t r e le a se ) -a t a 
tim e when the filam ents w ill have moved by only 4 ,2  nm , the AB lin k  is 
a t its  Pq ex tension  of 5 , Onm and the head has rotated  to  5 , 0 nm from its  •
equilibrium  p o s itio n . As the  re le a se  p ro ceed s, ten sio n  fa lls  below  Pq j
to  a lev e l of 0 .9 x Pq , the  same a s  a t the  end of a f irs t r e le a s e , the  AB j
lin k  shortens to  0 ,5nm  below  its  Pq length and the  head ro ta te s  to  w ithin 
0 ,5 nm of its  mean equilibrium  p o sitio n . F ina lly , a fte r the re le a s e ,  ten sio n  
r is e s  to  Pq w ith a ha lf tim e of approxim ately 70ms (th e  same as  a fte r a 
s ing le  cycle  and so the  AB lin k  m ust return to  its  Pq ex tension  of 5 , Onm, 
accom panied by ro tation  of the head to  its  mean equilibrium  p o sitio n .
i  *  Ni'
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If th is  in terpretation  of the re su lts  is  co rrec t, it le ad s  to  a number 
of in teresting  co n c lu s io n s . F irs tly , the ra te  a t which the  head is  capab le 
of ro ta ting  is  re la tiv e ly  s lo w , becau se  even a t re le a se  v e lo c itie s  as  low 
as  4 .1 6 m m ,s it is  unable to prevent the AB lin k  from shortening more 
than  it was extended during the preceding s tre tc h , H uxley & Simmons 
(1971a) have shown th a t the speed with which ten sio n  can be regained 
in rapid recovery , by ro ta tion  of the  h ead , becom es le s s  as the  ten sio n  
lev e l in c reases  , so it is  not unreasonable to suppose, for a re lea se  from 
a ten sio n  above Pp,the speed  with which the head is  capab le  of re extending
the  link  ri^ay be ver^  low . Secondly , once ten sio n  h a s  declined  to  a 
lev e l c lo se  to  Pq it fa lls  le s s  rapidly  although , presum ably , the filam ents 
continue to  move a t the same ra te . This can be a ttribu ted  to  the ab ility  
of the  head to  ro ta te  forwards more rapidly  at ten sio n s  le s s  than  peak 
iso m etric , and so reduce the  ra te  of shortening of the  AB lin k . This 
explanation  a lso  helps to account for the  fac t th a t the ten sio n  lev e l at 
the end of a second or susequen t cycle is the same a s  at the end of a 
f irs t c y c le . Although ten sio n  is  low er a t the beginning of a second re l­
ea se  than a f i r s t ,  the  Pq le v e l is  reached for a sm aller length  change and 
so the  head is  ab le to  begin more rapid forward ro ta tion  e a r lie r , thereby 
preventing tension  from fa lling  as far during a second re le a se .
The argument presen ted  is involved and re lie s  h eav ily  on an important 
assum ption: th a t sarcom ere movements during in term ediate cy c les  of 
stre tch  and re lea se  are sym m etrical. There is  no d irec t ev idence th a t 
th is  is so . N ev e rth e le ss , the im portant fea tu res  of the  re sp o n se s , in
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particu la r the  difference betw een f irs t and second c y c le s , can  be re ­
produced by the model proposed ea rlie r  to  account for ten sio n  changes 
during longer s tre tch es  and r e le a s e s ,  ’ ‘
F in a lly , the sym m etrical nature of the ten sio n  resp o n ses  to very short 
length  changes shows th a t the  m uscle behaves lik e s  a Hookean e la s tic  
body and lends support to  the  idea th a t tension  generated  up to  8  ^ is  due 
so le ly  to  ex tension  of th e  AB lin k  w ithout ro ta tion  of th e  a ttached  m yosin 
h e a d s .
S t r e t c h R e le a s e
cov>c
P o -
A L A L
Fig, 7 ,1 ,  The work done on a m uscle during s tre tch  is  
given by the  area under the  le n g th / te n s io n  curve ( le ft ) ,  
M ost of the  work is recovered during re lea se  ( r ig h t) ,
The difference in area rep resen ts  the  work absorbed by a 
m uscle during a cycle  of s tre tch  and r e le a s e , .
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CHAPTER VII
• WORK ABSORBED BY CONTRACTING MUSCLE DURING CYCLES OF 
. STRETCH AND RELEASE.
The structure responsib le  for the  early  increase  of ten sio n  during s tretch , 
has been referred to  a s  the  short range e la s tic  com ponent, but so  fa r no 
evidence has been p resen ted  to  ju stify  the assum ption th a t it is  tru ly  an  
e la s tic  e lem ent. The experim ents described  in th is  chap ter w ere under­
taken  to  in v estig a te  th is  poin t.
Tetanic con tractions w ere again  employed and the  m uscle w as sub jec ted  
to  s tre tch  followed im m ediately by a re lease  of the same am plitude and 
v e lo c ity . The "displacem ent signal from the, servo system  which controlled  
the s tre tch e r w as fed to  the X -p la tes  of the o sc illo sco p e   ^ and the output 
from the  ten sio n  recorder , to  the  Y -p la te s . A D evices 'D igitim er' w as 
•used to  m odulate the  beam in te n s ity , v ia the Z -in p u t, so tha t only the 
even ts occurring during s tre tch  and re lease  were recorded. L e n g th /te n s io n  
'lo o p s ' were thus obtained for cyc lica l length changes of d ifferent am plitude 
and constan t v e lo c ity . All the experim ents in th is  sec tio n  were made a t 
a tem perature of O^ 'C and a t a v e lo c ity  of 4m m .s”  ^ , which is  ju s t above 
the c ritica l v e lo c ity  ( see  C hapter V ) ,
The work done on the m uscle during s tre tch  is  given by the  area under
[1025 jjm
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872 p m
Fig . 7 .2 . L e n g th /ten s io n  loops recorded during f irs t 
(upper tra ce ) and second (low er tra ce ) cy c les  of stre tch  
and re le a se .
The am plitude of the  length  change is  shown below 
each tra c e . The sc a le  bars represent 5 ,x 10^ N .m ” ^ ,
[ ^
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Fig, 7 ,3 .  Two se rie s  of le n g th /te n s io n  lo o p s , produced by cy c les  of 
am plitude. F irst cyc les  (upper se rie s )  and second cycles  (low er se rie s). 
Cycle am plitude is  shown below  each  tra c e . Scale bars represen t
5 X N .m ~2.
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the  le n g th / te n s io n  curve, dep icted  diagram m atically  in F ig. 7 . 1 .A. The 
m ajor part of th is  is  returned during a subsequent re le a se  ( 7 .1  .B ) . How­
ever, the ten sio n  changé during re lease  is  not sim ply the reverse  of th a t 
produced by s t r e tc h in g a n d  with the exception of cy c les  involving very 
short leng th  c h a n g e s , th e  amount of work returned is  invariably  le s s  ; the  
o sc illo sco p e  tra ce  d esc rib es  a clockw ise loop , the  area of which rep resen ts  
the amount of non-returnab le  work done by the m echanical system  on the 
m uscle.
'V \
Work absorbed in s tre tch  and re le a se  cycles  of d ifferent am plitudes. The 
ten sio n  response of a contracting  m uscle to  length changes of d ifferent 
am plitudes has a lready  been described  in d e ta il .  It h as  been shown th a t 
the  lev e l of ten sio n  ex istin g  inim edlately before and Im m ediately a fte r  a 
sing le  s tre tch  and re le a se  cycle  of large  am plitude is  not the sam e; 
ty p ic a lly , ten sio n  a t the end of a re lea se  from a previous s tre tch  fa lls  to  . 
about 0 ,7  X Pq . H ow ever, ten sio n  before and a fte r the  second cycle of 
a double s tre tch  and re le a se  com bination is  the sam e. F ig. 7 ,2  shows 
le n g th / te n s io n  loops of a )  a sing le  cycle of s tre tch  and re lea se  and b) . 
the  second cycle of a double com bination. It can be seen  tha t the loop 
of a second cycle is  c losed  w hereas tha t of a sing le  is  n o t. In both c a se s  
part of the work done in stre tch ing  the  m uscle is  not recovered in re leasing , 
A se rie s  of loops produced by cy c les  of d ifferent am plitudes is  shown 
in Fig, 7 .3 ;  tra ce s  from both f irs t and second cy c les  are included and 
the d ifferences in shape betw een the two are apparen t. ( In sim ilar
4-1
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II
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0-2 0*4
Cycle ampllcude — mm
Fig, 7 .4 .  The a reas of f irs t cycle loops (open c irc le s )  and 
second cycle loops (filled  c i r c l e s ) , expressed  a s  the work 
(W ) absorbed per half sarcom ere, plotted ag a in st the  am plitude 
of the  applied  leng th  change. .
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experim ents with ca t so leus m uscle Rack & W estbury (1974) studied  
only cycles  in which the lev e l of tension  w as the sam e before and a fte r 
the  app lication  of a s tre tch  and re le a se , and so th e ir  records dep ic t 
only closed  loops ) . . \
• \The a reas  of firs t and second cycle loops are plotted  ag a in st the  
am plitude of the length  changes im posed on the m uscle in  Fig 7 .4 .
The work absorbed by the  m uscle (W ) in c reases  w ith increasing  am plitude 
but not In a sim ple fa sh io n . The two curves show severa l fea tu res of
y ,\particu la r in te re s t. C onsider the  curve for the open lo o p s , generated 
by a sing le  s tre tch  and re le a se  cy c le . F ir s t , during cy c les  of small 
am plitude ( le s s  than  40pm ) no m easurable work is  absorbed by the  m uscle? 
Indeed , it appeared from some records th a t the  m uscle ac tu a lly  does a 
small amount of work on the system  (o sc illo sco p e  trace  described  an 
a n ti”Clockwise lo o p ) , although it is  d ifficu lt to  be sure th a t th is  type 
of response is  a genuine property of the  m uscle . Secondly , over the 
range of cycle am plitudes from 40 to  380pm, the  non-re tu rnab le  work 
becom es p rog ressively  la rg e r, although the in crease  is  not linear? and 
th ird ly , betw een 380pm (th e  amount of ex tension  required to  reach  Sg) . 
and 840pm ( end of s tre tch ) i t  con tinues to  r ise  in a lin e a r  fa sh io n , to  
reach a final value  of 2 .7 4  x  10”  ^ J.m~^ per h a lf sarcom ere.
The curve of W a g a in s t cycle  am plitude for c losed  loops ( second • 
or subsequent cycle  ) is  s im ilar in  form, but d iffers  in  one important 
respect?  following the ex tension  where no non-returnab le  work
/
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Fig, 7 .5 . ( a and b ) ,  The non-retu rnab le  work (W ) for 
am plitude increm ents of 42 pm , obtained by sub tracting  the 
areas of two su cc e ss iv e  lo o p s , where the  am plitude of 
stre tch  d iffers by 42pm .
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can be recorded , the va lu es  in c rease  more gradually  w ith increasing  
am plitude than in the  c a se  of the  curve for open lo o p s , and it is  not 
until about 540pm ( c lo se  to 8 g for a second s tre tch ) th a t any d isco n tin u ity
in the curve is  apparerit'. Beyond th is  am plitude the curve is  alm ost ex ac tly
■ . \  .
l in e a r , up to  870pm , wA&e a value of 2 .30  x  lO"^ J.m ” ^ per h a lf sa rco ­
mere is  reached .
The effect of cycle  am plitude on W is  more c learly  dep ic ted  in F ig, 7 .5   ^
where the non-returnab le  work for length increm ents of 42 pm, is  given, 
in the form of a h istogram . The abS cissa  is  the range of ex tension  over 
w hich the  work is  estim ated  ; i . e .  the  areas of two loops of am plitudes 
differing by 42pm (s a y  8 4 pm and 12 6pm) are compared and the d ifference 
is  taken  to  rep resen t the  ex tra work absorbed in stre tch ing  and re leasin g  
the  m uscle over the  range'^ ( 84 -^ T^2G pm) concerned.
P red ic tab ly , the increm ent from 0 -4 2  pm h as  a neg lig ib le  v a lu e . 
H ow ever, from 42 -  336^m the  work increm ents become p rog ressive ly  
la rg e r, until a maximum is  reached a t 336 -  378 pm , a fte r which they  
show a tran sien t d e c re a se , fina lly  increasing  again  to  the  maximum v a lu e . 
In the ca se  of F ig. 7 .5 .b ,  the in itia l in crease  in s iz e  is  more gradual 
and continues until 546 to  588^ m ,th e rea fte r rem aining constan t up to  
840^m .
Work absorbed by the  sarcom eres. It is  important to  know where the
. ; ' •
absorption of work occurs in the  m u sc le , so  an experim ent w as made •
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in  which sarcom ere movements were monitored during firs t and second
cycles  of s tre tch  and re lea se  (a s  in C hapter 4 )and the re su lts  are exp ressed  ‘
as  a le n g th / te n s io n  'loop ' for the sa rco m eres , ra ther than  for the whole
m uscle. It is  assum ed th a t ten sio n  recorded a t the  m uscle extrem ities is
equal to th a t borne by each  half»sarcom ere , which is  reasonab le  for short
m uscle leng ths where resting  ten sio n  Is neg lig ib le .
Fig. 7 .6  shows a le n g th / te n s io n  diagram for the  sarcom eres, for a
m uscle sub jected  to  a f irs t s tre tch  and re lea se  cycle of 1020jam. Again,
the work done in s tre tch ing  the  sa rco m eres , which is  not recovered during
re le a se , is  represen ted  by the  area, enclosed  by the loop and y ie ld s  a 
— 3 —2value of 4 ,04  x  lO" J.m~ per h a lf  sarcom ere. Work absorbed by the 
whole m u sc le , a s  estim ated  from the  applied  ex ternal leng th  change /  
tension  p lo t, gave.a  value  of 4 .60  x  10”  ^ J.m “^ per h a lf sarcom ere.
The sarcom ere leng th  / ten sio n  diagram  for a second cycle of the  same 
am plitude is  given in F ig, 7 .7  and W in th is  ca se  is  3 .15  x  10“ ^ J.m ” ^
per h a lf sarcom ere, compared with the  value for the  w hole m uscle of 
3 .7 5 x 1 0  J.m  per h a lf sarcom ere.
These re su lts  show th a t the  m ajor part ( 80 -  85 % ) of the work 
absorption, occurs w ithin  the  sarcom eres th em se lv es . Furtherm ore, 
they  reaffirm the  observation  th a t the  work absorp tion  during a f irs t 
cycle is  s ig n ifican tly  g rea te r than  th a t absorbed during a second cy c le . 
This la t te r  point poses an in te restin g  q u estio n ; is  the  absorp tion  of work 
uniformly g rea te r for a f irs t c y c le , or is  it consumed p referen tia lly  during
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a particu la r phase  of the  cycle  ? The answ er is  read ily  obtained by' 
in tegrating  the part of the  histogram  showing work absorbed per 4^ 0jum 
increm ent, up to  Sg in each  c a s e .  For a f irs t cycle  th is  amounts to  
0.7,0 X 10“ ^ J.m""^ per ha lf sarcom ere, and for a second cycle 0 ,75  x
Q10"" J.m " per half sarcom ere. T hus, the g reater amount of work
absorbed during a f irs t cycle  of large  am plitude ( su b stan tia lly  in ex cess
of Sg ) m ust be a sso c ia te d  w ith the  g rea ter amount of filam ent slid ing  |
which tak es  p lace  a fte r 83 is  exceeded .
The following figures for the experim ent of Fig, 7 ,4  serve to  illu s tra te
the po in t. The ex ternal leng th  change w as 840pm . Sg for the f irs t cycle
stre tch  occurred a t 380pm and for the  second cycle s tre tc h , a t 540pm . , » :
Thus the amount of the  applied  leng th  change a sso c ia te d  with ex tension
of the filam ents beyond 8 g is  therefore 840 -  380 = 460 pm ( 1st cyc le  )
and 840 -540 ~ 300pm ( 2nd c y c le .) . The ratio  of the second to  f irs t j
cycle is  then  300 /  460 = 0 .6 5 . The to ta l work absorbed In each  ca se  :
amounted to  4 .7  x  10” ^ J.m ”^ per h a lf  sarcom ere ( 1 st cycle ) and 
3 — 23.75  X 10” J.m  per h a lf  sarcom ere ( 2nd cycle  ) .  The amount absorbed
“ 3 — 2 ifor cyc les  of am plitude ju st su ffic ien t to  reach 82 w as 0 .7 0 x 1 0  J.m
“*3 *^ 2per h a lf sarcom ere (1 s t cy c le) and 0 . 75 x  10 J.m  . per half sarcom ere 
( 2nd c y c le ) , so ,th a t the extra work asso c ia ted  with filam ent slid ing  
beyond Sg is  ( 4 .7 x 1 0  ^) -  ( 0 ,70  x  10 ^) = 4 .0 x 1 0  ^ J.m  ^ per half 
sarcom ere ( 1 s t c y c le ) and ( 3 ,7 5 x 1 0  ^ ) -  ( 0 .7 5 x 1 0  ^) = 3 . 0 x 1 0  ^ J .m   ^
per halfi^arcom erè^^2nd cy c le ) . The ra tio  of th is  extra work ( second ; f irs t)
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is  thus 3 .0  X 10 ^ / 4 . 0 x 10 ^ = 0 .7 5 . This is  sim ilar to the value of 
0, 65 obtained for the ra tio  of the extra length  change a s so c ia te d  with 
slid ing  beyond
V  ■
U nfortunately, th is  A nalysis re lie s  on a com parison of external length
\  V  ■ ■ •
changes and not in terna l filam ent movements; the  degree of agreem ent 
might reasonab ly  be expected  to have been c lo se r if the sarcom ere move­
ments had been monitored in th is  experim ent.
Work absorbed by the sarcom eres Irt stre tch ing  a m uscle to So* It is  of 
in te re s t to m easure the work done on the sarcom eres when the m uscle is  
extended to the point where the c ro ss-b rid g es  detach  and rapid 'g iv e ' 
o ccu rs. This is  done by re la tin g  to ta l force on the m uscle to filam ent 
d isp lacem ent over th is  range. During a f irs t cycle  s tre tc h , the amount 
of filam ent slid ing  a sso c ia te d  w ith backward ro tation  of the myosin head 
is  estim ated  to be 10 nm. (see C hapter 4 ), and during a second cycle  
stre tch , 15 nm. The product of m uscle force and d isp lacem en t g ives the 
required figure for the work done, and the  values so obtained  are
3,18 X 10 ^J.m  ^ per half sarcom ere (1st cycle) and 4 .2 9  x  10 ^J.m   ^
per half sarcom ere (2nd cy c le ) .
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DISCUSSION
It is  pertinent to  co n sid e r w hether th e  way in which a m uscle absorbs 
work during cycles  of s tre tch  and re lea se  is  com patible w ith Huxley & 
Simmons' model and if the  re su lts  reveal any additional inform ation about 
the  properties of the  c ro ss -b rid g e .
It was found th a t there  is  no d e tec tab le  work done on a m uscle when it 
, is  sub jec ted  to cy c lica l length changes of am plitude le s s  than about 40pm , 
corresponding w ith the  e la s tic  lim it Sj , and th is  re su lt is co n s is ten t 
w ith the suggestion  th a t the e a r ly , s teep  in crease  of ten sio n  up to  Sj is  
developed in the e la s tic  AB lin k a g e , w ithout ro ta tion  of the a ttached  head ; 
the work done on extending the linkage is wholly returned during a sub­
sequent re le a se . This re su lt ju s tif ie s  the  use of the  term short range 
e la s tic  component to  d escrib e  the structure responsib le  for the ten sio n  
responses to  short s tre tc h e s .
Beyond the  work absorbed per unit increm ent of leng th  (F ig , 7 .5 )  '
, in c reases  p rog ressive ly  up to  S g , the point a t which rapid sarcom ere 
ex tension  o ccu rs . For exam ple , the  extra work done in performing a cycle  
of 168pm as compared w ith one of orily 12 6pm (a  42 pm increm ent) am ounts 
• to  0 .6  X 10"^ J,m “  ^ per h a lf sarcom ere (1 s t c y c le ) , w hereas a sim ilar
length  in te rv a l, th is  tim e betw een 210pm and 252pm consum es 1 ,1  x  10*"  ^
""2J.m  per ha lf sarcom ere. It is  c le a r  th a t the net absorption of work
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in c reases  the  further c ro ss-b rid g es  are deformed from th e ir mean 
starting  p o sitio n . In c o n tra s t, for cycles of am plitude suffic ien t to 
exceed S2 , the work absorbed per unit length increm ent rem ains 
roughly constan t as  the filam ents are made to  s lid e  further beyond the 
point of rapid 'g iv e '.  This behaviour is to  be an tic ip a te d , if  the major 
part of the  ten sio n  supported by the m uscle beyond 8g is  borne by 
fric tional ( or o ther d is s ip a tiv e )  forces , w ith the  work done being 
degraded into h e a t , It is  c learly  very different from what happens 
during cy c les  of am plitude such th a t c ro ss -b rid g es  are deformed but 
not broken. This reinforces the  argument tha t rapid 'g iv e ' of sarcom eres 
re su lts  re su lts  from a fundam ental change in the s ta te  of a m uscle .
The d ifference in the work done on stretch ing  to  So during firs t and 
second cycles and its  ATP eq u ivalen t. It was shown earlie r ( C hapter IV)
tha t the amount of ex tension  required to reach Sg during a second cycle
■ ■s tr e tc h , tha t i s , one s tarting  from a ten sio n  lev e l below P g , is sub­
s tan tia lly  g reater than  th a t required to  produce rapid 'g iv e ' of sarcom eres 
during a s tre tch  applied  a t the peak of a te ta n u s , and it was suggested  
th a t th is  d ifference arose  because  the  mean position  of the attached  
myosin heads w as d ifferent a t the commencement of each  stre tch  ( s e e  
F ig . 4 .8 ) .  If th is  is  co rrec t, then the difference in the work done in 
extending the  filam ents up to  82 in each case  rep resen ts the work required 
to  force the  head to  sw itch from one preferred position  ( C) to the other 
(B ).
■ ■ -
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It is  of in te re s t to  c a lcu la te  the  ATP equivalent of th is  extra w ork, 
for the follow ing reaso n ; If^detachm ent of the head during extension  
from the  two attachm ent s ite s  of position  C in F ig . 4 .8  consum es most 
work found to  accom pany sw itching of the head from C —&-B, and if the 
same bonds m ust f irs t be broken in a normal (u n stre tch ed ) con trac tion , 
then  it is leg itim ate  to  equate the ATP equivalent o f/th is  work with the 
energy cost for c ro ss-b rid g e  detachm eht. Now, in the case ,o f a second 
cycle  s tre tc h , the  work done ( W2 ) ih extending a m uscle up to  8^ is 
4 .2 7  X 10“ ^ J.m “  ^ per ha lf sarcom ere, and in the f irs t s tre tch  (W i ) ,
3 ,18  X  10"^ J,m “  ^ per half sarcom ere, so the d ifference (Wg -  W% ) = ;
_ o1.09 X  10~ J.m ” per ha lf sarcom ere. The number of cross  p ro jections ,
on the myosin filam ent is estim ated  to  be 5 x  10^^ m” per half sarcom ere
(H uxley , 19 63) , which g ives a figure 1.09 x  1 0 "^ / 5  x  10^^ = 0 .2  x  10”^^J 
for the  extra work a sso c ia te d  w ith each  one. The enthalpy change re s ­
ulting. from the conversion of ATP—^ADP in the  m uscle is 5 x 1 0 ^  J .m ole”  ^
(O ffer, 1 9 7 4 ), equivalent"to  5 x  lO"^/ 6 x  10^^ = 0 ,8  x  10 J per m olecule, 
or 4 x  greater than  the work done in  the sw itching of one c ro ss-b rid g e  
from position  G —^ B ,  T h u s , the hydrolysis of one m olecule of ATP 
would provide am ple energy to  cause  detachm ent of a sing le  h ead , 
although the effic iency  of the  p rocess would be ra ther low ( about 25 %, 
with the rem ainder of the enthalpy change appearing as  h e a t ) . H ow ever, 
it is  w ell known from X-ray diffraction  stud ies  of contracting m uscle 
th a t not a ll of the  c ro ss-p ro jec tio n s  form connections (c ro ss-b rid g es )  
with the act in filam ent a t any one tim e. Huxley & Brown (19 67) estim ate
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th a t o n ly -20 % are so a ttached  during an isom etric te ta n u s . The work 
required to  cau se  sw itching from position  G — woul d then amount to  
1 X 10”^^ J; a sing le  m olecule of ATP might then  only ju s t be adequate 
for detachm ent and , moreover the  effic iency  of the p ro cess  would have 
to be very h igh . A more recen t study by M atsubara , Yagi & H ashizum e 
(1975) su g g ests  th a t the fraction  of a ttached  c ro ss-b rid g es  may be as 
high as  80% , w hich would mean th a t sw itching of one c ro ss-b rid g e  from 
C — woul d require only 0 ,25  x  10” J , and one m olecule of ATP 
would be su ffic ien t. The effic iency  of the p rocess would then  be ra ther 
low (31 % ).
It would be unw ise to  p lace too much re liance  on a ca lcu la tio n  of 
th is  k ind .. The u n certa in tie s  a rise  ch iefly  in the  w idely  differing e s t i ­
m ates for the fraction  of the to ta l population of c ro ss-p ro jec tio n s  
ac tiv e ly  involved in  an  isom etric  te tan u s ( 20 -  80% ), All tha t can  be 
sa id  is th a t the p rocess  of detachm ent may require only one m olecule 
of ATP, in which c a se  the  energetic  effic iency  would lie  somewhere 
betw een 30 and 100%. Unfortunately, it is im possib le to  be more p rec ise  
a t the p resen t tim e.
Nature of the m vos in -a c t in b o n d s. The energy required to  forcib ly
■ V * .
break a o ross-bridge^has been estim ated  to  be w ithin  the  range 0 ,25  -  
-19 . '■1 .0 x 1 0  J. This figure im poses certa in  lim its  on the  kind of bonds 
involved in holding the m yosin head to  the ac tin  ac tiv e  s i te .  C onsider, 
for exam ple, the  energetic  requirem ents for breaking a sing le  hydrogen
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-1  . 4bondo The bond energy is  approxim ately 21 k j.m ole  / o r  2 ,1  x  10 /
6 X  10^^ = 0 ,35  X  lO”"^^ J. per bond, which is  c lo se  to the figure given 
above for the energy needed to  de tach  forcibly a sing le  c ro ss -b rid g e . 
T hus, it is  conceivab le  th a t each  point on the m yosin head is  linked 
to an ac tin  subunit (e g , ) through a s ing le  hydrogen bond. This
is co n sis ten t w ith O ffer's  (1974 ) con c lu sio n s . Of co u rse , the p o ss ­
ib ility  of more num erous, w eaker 'bonds' ( e g .  e le c tro s ta tic  in terac tio n s 
betw een charged s i t e s ) is  not excluded . C erta in ly , stronger bonding 
would appear to be ruled out by considerations of th is  k in d , The bond 
energy for the  next stro n g est bond is  around 80 k j.m o le   ^ ( for N -  N) 
bonding, or 4x g rea te r than  for hydrogen bonding.
\ '
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CHAPTER VIH
CONCLUSIONS.
The slid ing filam ent theory (.À.F. Huxley & N eidergerke , 1954 ; H .E . 
Huxley & H anson , 1954) is now w idely accep ted  as the  explanation 
for the  way in' which a m uscle a lte rs  its  le n g th , although much contro­
versy  s till  rem ains regarding the m echanism by w hich the  re la tive  force 
betw een the ac t in and m yosin filam ents is generated during con trac tion . 
The w ell-docum ented constan t volume behaviour of the  filam ent la ttic e  
(H ,E ,H uxley , 1953 a ,b ;  A pril, 1975) im poses certa in  sp ec ific  co n stra in ts  
on the kind of model th a t can be invoked to  account for force production. 
This property means th a t the surface to surface d is ta n c e  of the filam ents 
in the  region where they  overlap can vary from 4 -  11 nm (frog m uscle ; 
E llio t, Lowy & W orthington, 19 63 ; E llio t, 1964) , yet su rp risin g ly , the 
ch a rac te ris tic  le n g th / te n s io n  rela tion  for frog m uscle ( Gordon, Huxley 
& Ju lian , 19 6 6 b) shows th a t the  capacity  of each  cro ss-b rid g e  to  gener­
a te  tension  is  not affected  by varia tions in the separa tion  of the filam ents 
w ithin th is  range. This im portant consequence of the  constan t volume 
behaviour has led  to  a number of models being proposed which are ab le  
to  account for the featu res of the con trac tile  properties of m u sc le , to  a 
g reater or le s s e r  d eg ree . In some in s ta n c e s , the c ro ss-p ro jec tio n s  on 
the th ick  filam ents are considered to  play a key role in both generating 
and transm itting  force (H .E , H uxley , 19,69 ; A .F , H uxley <Sc Simmons ,
Vv
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1971b ; Podolsky & N olan , 1971; Ju lian , Soil ins & Sollins ,1973) , ' but 
in others th e ir  s ta tu s  is  e ith er relegated  to a p a ss iv e  role^with la tte ra l 
expansion of the  Z d isk  (Ullrick , 19 67) or e le c tro s ta tic  repu lsion  betw een 
the filam ents (S hear, 19 70; E llio t, Rome & S pencer, 1970) generating 
the motive fo rce ; o r , a lte rn a tiv e ly , are considered to  b e 'ac tiv e ' only in 
so  far as  they  influence the d istribu tion  of e le c tro s ta tic  charges on the 
filam ents (A shley , 1972) and do not function as  ten sio n  bearing e lem en ts . 
The resu lts  obtained in the  p resen t investigation  can b es t be interpreted 
in term^ of a model in which in teraction  betw een the  myosin c ro ss -p ro je c t­
ions an^v^iTactinN^ilaments generates force and in which the pro jections 
them selves ac t as  teihporary m echanical linkages betw een the f ilam en ts .
It w ill be seen  th a t the  findings are en tire ly  co n s is ten t w ith the  recent 
model put forward by H uxley & Simmons, ( 1 9 7 1 b ), although it would be 
unw ise to conclude from th is  th a t they  are incom patible with one or more 
of the  a lte rn a tiv e  m odels; th e se  a lte rn a tiv es  are exceedingly  complex 
and it is  not alw ays ea sy  to  see  how they  can be te s te d  experim entally .
The concept of rapid 'g iv e ' as a tran sitio n  betw een two s tead y  s ta t e s .
The resu lts  can b es t be in terpreted  if rapid 'g iv e ' is considered as  a . 
tran sitio n  betw een two stead y  s ta te s ;  the position  a t peak isom etric  
te n s io n , where the filam ents are s ta t i c :(re la tiv e ly  so) and where the 
m uscle is exerting a constan t fo rce , and the condition a fte r rapid 'g iv e ' 
where the sarcom eres are being extended a t a uniform speed and the  m uscle 
m aintains a new (h igher) constan t fo rce . This notion has two im portant
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consequences :
A» For speeds of s tre tch  in ex cess  of the c ritica l velocity^the 
changes th a t occur up to  82 ( ten sio n  responses and filam ent movements ) 
give information about the  m echanical properties (e g . s tif fn e ss )  of 
th o se  cro ss-b rid g es  ac tiv e ly  involved in generating  fo rce , a t the time 
of s tre tc h , and th e se  tra n sien t even ts have provided inform ation on the 
dim ensions and structure of the  s ite s  of in teraction  betw een ac t in and 
m yosin.
B, Changes occuring beyond Sg give inform ation about the fo rc e /  
v e lo c ity  re la tion  of m uscle when it is  being forcibly  s tre tched  (a s  opp­
osed to  sh o rten in g ). U nfortunately , l i t t le  can be sa id  about the  f o r c e /  
v e lo c ity  re la tion  during e x te n s io n , b e c a u se , for the reasons given ea rlie r  
( Chapter VI) , it w as im possible to  record sarcom ere,m ovem ents over 
the required range of v e lo c it ie s .  The rem ainder of th is  d isc u ss io n  is 
therefore concerned w ith the inform ation th a t can be obtained in the  early  
part of a s tre tc h , up to  and including rapid ‘g iv e '.
Structure of the ac tin  ac tiv e  region and the p o ssib le  nature of bonding 
to  the myosin h ead .
The suggestion  th a t the.m yosin  heads adopt 'p referred ' positions is  
helpful in explaining one in te restin g  and co n s is ten t feature of the  r e s ­
ponses ,* nam ely, the abrupt onset of rapid 'g iv e ' and the alm ost angular 
form of the ten sio n  response  which re su lts .  It w as assum ed ea rlie r  
(D iscu ssio n  to  Chapter IV) th a t a t peak isom etric  ten sio n  the m ajority
\ 'Vv
I l l
of the  myosin heads spend most of th e ir time in an interm ediate position  
(B , of Fig. 4 ,7 )  and re la tiv e ly  l i t t le  time in e ith e r of the o ther p o s itio n s . 
It is  easy  to  see  from Huxley & Simmons' model why th is  should be so . 
When the head a ttach es  in itia lly , it does so w ith l i t t le  or no ten sio n  in 
the e la s tic  lin k a g e , co n sequen tly , it is  ab le  to  ro ta te  into the next p o s­
ition  and in so do ing , develops peak isom etric  ten sio n  in its  lin k . As 
a resu lt of th is  high te n s io n , the  activa tion  energy for the  next s tep  is 
high and the  probability  of the  head making it is  therefore sm all. If it 
should chance to  do s o ,  then  the likelihood of detachm ent (by  ATP hyd­
ro ly s is)  is  g rea t. This means th a t the heads are  en erg e tica lly  constrained  
to  occupy an interm ediate p o s itio n . By sim ilar reaso n in g , it can be seen  
th a t a previous re lea se  w ill favour movement of the head from th is  in te r­
m ediate position  to  one of low er po tential energy ; th u s , shortening 
during re lea se  w ill unload the  e la s tic  link  and low er the  ac tiv a tio n . ,
energy for th is  s tep .
This concept of ' p referred ' o rien ta tion  of the heads lead s  to some 
in teresting  conclusions concerning the structure  of the  ac tin  ac tiv e  
reg ion . By comparing the  amounts of filam ent movement tha t occur on 
reaching 82 for firs t and second cycle s tre tch es  it w as p o ssib le  to  con­
clude th a t the  s ite s  occupied by the head a t peak isom etric  ten sio n  and 
a t the  end of re le a se  are separa ted  by about 5 .5  nm. The overall length  
of the  ac tin  ac tiv e  reg ion , deduced from the  to ta l d is ta n ce  the filam ents 
move to  reach 82 in a second s tre tc h , is  around 1 5 .0 nm. It is  c lea r 
from H uxley & 8 immons' la te r  work (A .F . H uxley , 1974) tha t the amount
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of filam ent slid ing  required to  abo lish  tension  is around 5 .5  nm, or put
— \ — '  \  ■ 'another w ay , th is  \ s  the ex tent of movement required to  generate full
isom etric ten s io n . These figures suggest a structu re  for the  ac tin  ac tiv e
region com prising 4 attachm ent s ite s  ( ,A2 /A3 and A4 ) separated  by
5 .0  -  5 .5  nm , which in te rac t w ith 4 corresponding s ite s  ( , ^ 2  ,Mg and
M4 ) on the myosin h ead . It is  unlikely  th a t th is-sep a ra tio n  happens by
chance to  coincide w ith the centre to  centre spacing  of the ac tin  monomers
in the  F -ac tin  strands th a t make up the th in  filam en t, and it is  postu la ted
th a t each of the attachm ent s i t e s 'i s  loca ted  on su c c e ss iv e  ac tin  monomers.
In th is  connection it is. in terestin g  tha t recen t es tim a tes  of the dim en­
sions of the  SI subunit of HMM (th e  component w hich has the  a b ility  to  
combine w ith ac tin  and to  sp lit ATP) show it to  be an elongate  m olecule 
approxim ately 1 5 nm in length  and 4 nm in d iam eter (M oore , H uxley & 
D eR osier, 1970.). Again, it is  un likely  th a t th is  correspondence is  purely 
fo rtu ito u s .
These considerations suggest th a t w hile the  m yosin head is a ttached  
to  the  th in  filam ent it in te rac ts  seq u en tia lly  with a region of the ac tin  
filam ent approxim ately 4 monomers in len g th . It is w ell known (R izzino , 
Barouch, Eisenberg & M oos, 1970) th a t under appropriate conditions 
every ac tin  monomer can in te rac t w ith a single m olecule of HMM, and 
as  a re su lt ,  lo ca l structu ra l d ifferences (e g . d istribu tion  of charged 
groups ) th a t could give r ise  to  v aria tions in the  a ffin ity  of the  head for 
the a c tin , e s tab lish in g  the  kind of po ten tia l g radient envisaged  by Huxley 
& Sim m ons, must reside  in the head i ts e lf ,  A com parison of th e ’work
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done In stre tch ing  nv .. i up to  8 g in f irs t and second cycles  led -to  
the  conclusion  tha t the attachm ent s ite  A^M^^which together w ith A3M3 
defines position  C , could be a single hydrogen bond. M oreover, it , , 
emerged tha t the enthalpy change a sso c ia ted  w ith the hydro lysis of a 
sing le  m olecule of ATP would supply enough energy to break th is  bond 
during a normal con trac tion . H ow ever, it is  c le a r  th a t the maximum 
force susta ined  by each  c ro ss-b rid g e  a t 83 (assum ing  tha t a ll of the 
c ro ss-p ro jec tio n s  on the  th ick  filam ent are a ttach ed  sim ultaneously) 
is  30 X sm aller than  the  force which a single hydrogen bond could bear.
The most lik e ly  explanation  for th is  is th a t the head a ttach es  to  the  ‘ 
ac tin  filam ent by means of Van d er W aals or e le c tro s ta tic  a ttrac tiv e  
fo rce s . This idea has some merit in that it is  qu ite  ea sy  to  env isage 
the  myosin heads having an uneven d istribu tion  of ion ised  groups 
(e lec tro n ic  charges) lo ca ted  a t the  points M i -  M4 .
-  \The undamped p la s t ic  component of the c ro ss -b rid g e .
The idea of an undamped ( in stan tan eo u s) e la s tic  component arranged 
in se rie s  w ith the elem ent which generates force is  an im portant feature 
of Huxley & Simmons' m odel. U nfortunately , there  are serious draw ­
backs a sso c ia ted  w ith any quan tita tive  d isc u ss io n  of the physical 
properties of th is  part of the c ro ss -b rid g e . The d ifficu lty  stem s from 
conflic ting  reports in the lite ra tu re  concerning the proportion of myosin 
c ro ss-p ro jec tio n s  th a t are ac tiv e ly  engaged in generating fo rce . Huxley 
& Brown ( 19 67) estim ate  th a t the  number so involved my be a s  l i t t le
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a s  20% of the  to ta l , w hereas a more recent X -ray d iffraction  study-by 
; M atsubara , Yagi & H ashizum e,( 1975) puts the  figure a t 80%,
Let us assum e for the  moment th a t a ll of the c ro ss-p ro jec tio n s  are 
ac tiv e ly  engaged in generating fo rce . It can then  be calcu la ted  (page 
57) tha t the s tiffn e ss  of each  c ro ss-b rid g e  is  around 2 .7 x 1 0  ^ N .m  \
It w as ea rlie r postu la ted  (working hypothesis:; C hapter IV) th a t most of 
the filam ent slid ing  is  a sso c ia te d  with backward ro ta tion  of the attached  
myosin h e a d , so the s tiffn e ss  of the  undam ped, e la s tic  component m ust 
be considerab ly  g rea te r than  t h i s . It has been ta c itly  assum ed through­
out th a t a 5 nm ex tension  of th is  component genera tes  the full isom etric
5te n s io n ; thus the  combined s tiffn e ss  of a ll the  c ro ss-b rid g es  is  3 x 1 0  
N .m ”  ^ (maximum isom etric force) / 5  x  10’’^m = = 6 x 1 0 ^^  N .m "^ , or 
1 .2 x 1 0  N .m  for a s ing le  c ro ss -b rid g e , . The 'b e s t ' es tim ate  th a t 
can be obtained from the  p resen t re su lts  is  ca lcu la ted  by m easuring the 
ten sio n  increm ent up to  ( th e  point a t which the  head begins to  r o ta te ) , 
divided by the  amount of filam ent slid ing  which h as  occurred . U nfortun- .. 
a te ly , it is im possible to  give an accu ra te  figure for the  amount of f ila ­
ment movement up to  th is  p o in t. It i s ,  how ever, p o ss ib le  to  give an 
upper e s tim a te , assum ing th a t sarcom ere ex tension  is  uniform in the  
whole period up to  8 2 . It then  tran sp ires  th a t the  s tiffn e ss  of each  
e la s tic  link  is  in the region of 3 . 8 x 1 0  N .m   ^ , or approxim ately 3 ,2  x 
le s s  than the figure derived from Huxley & Simmons' w ork. In view  of 
the  uncertain ty  th a t e x is ts  concerning the degree of sarcom ere ex tension
i  ■ ■ 'i in the period up to  8  ^ , th is  d iscrep an cy  is  not too g rea t. .
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Huxley & Simmons suggest ten ta tiv e ly  th a t the in stan taneous e la s t­
ic ity  in th e ir  model re s id es  in the S2 subunit of HMM. The structure 
of th is  component of the myosin m olecule is  very w ell known. It c o n s is ts  
of two h e lica l polypeptide chains (Lowey & C ohen, 1962; W eeds & 
H artley , 1967 , 1968) arranged in p a ra lle l, each of which has a m olec­
u lar w eight of about 40 ,000 . It is  therefore p o ssib le  to  make a reasonab le
estim ate  of its  s tif fn e ss . W hen th is  is done, y ielding a value of 18 .5  
“ 2 -1x  10 N.m  (s e e  b e lo w ),a  large d iscrepancy  a r is e s ;  the s tiffn e ss  
observed experim entally  by H uxley & Simmons (1 .2  x 10 ^ N.nT^) d iffers by 
a fac to r of 150^and that estim ated  h e re , by an even la rger fac to r of '
490.
C alculated  s tiffn e ss  of the 82 subunit of HMM. C onsider each  chain  
independently  ; the m olecular w eight of each  is about 40,000 and
I » iii'i
the mean m olecular w eight of its  constituen t amino ac id s is 1 1 0 .
Each chain  must theri contain  c lo se  to 360 amino a c id s . It has 
been shown (Pauling & C orey, 1953) thatos h e lica l polypeptide 
chains contain about 3 ,6  resid u es  per turn of the h e lix , the h e lica l 
structure being m aintained by hydrogen bonds linking  residues on 
su ccess iv e  tu rn s . The e la s tic ity  of the whole chain  is therefore 
governed by th is  bonding and so if the strength of each  bond and 
the number of bonds is  know n’, the  s tiffn e ss  of the whole chain may 
es tim ated . If it is assum ed th a t each.am ino acid  forms one hydrogen 
bond (Pauling & C orey, 1950) then there w ü l be 3 ,6  bonds per 
turn and 100 turns in each chain . From a m echanical point of view  
th is  arrangem ent would have length  tension  ch a rac te ris tic s  equiv­
a len t to  1 0 0 /3 ,6  = 28 hygrogen bonds lying in s e r ie s .  Given th a t
-10the  maximum bond strength  of one hydrogen bond is  3 x 1 0  N
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3 ”1(O ffer, 1974) and xts bond energy is 21 x  10 J.m oie (F ie se r  &
F ie se r , 1957) then the  ex tension  required to  break it is 1 .16  A
-1and its  mean s tiffn e ss  is  2 .59 N .m  . The s tiffn e ss  of each  chain
—2 “1is  therefore 2 .5 9 /2 8  = 9 .25  x 1 0  N .m  and for the  two chains
in para lle l 18 .5  X 10  ^N .m  ^ .
There a ^ e - t ^  p o ss ib le  reasons for th is  large d isc rep an cy ; e ith e r 
the estim ate for the  s tiffn e ss  of the  S2 subunit is w rong, based  on 
inadequate knowledge of its  te rtia ry  m olecular s tru c tu re ; o r , as  seem s 
more lik e ly , the major source of com pliance re s id es  in part of the lin k ­
age which does not have an o4 h e lic a l s truc tu re . The flex ib le  region of 
the  m olecule w hich is  postu la ted  to permit outward movement of the 
c ro ss-b rid g e  (H .E . H uxley , 1969) is the most lik e ly  can d id a te .
Relation of the p resen t re su lts  to  o ther models in w hich the  myosin 
c ro ss-p ro jec tio n s  function as  m echanical l in k a g e s .
There are tw o'im portant models which deserve  some comment ; the  one 
described  by Podolsky & Nolan (1971) and th a t of Ju lian , Sollins & 
Sollins (1 9 7 3 ). Ford, H uxley & Simmons (1974) have provided good 
evidence th a t early  rapid ten sio n  recovery follow ing abrupt shortening 
of the m uscle is not due to  recruitm ent of previously  unattached c ro ss ­
b r id g e s , as postu la ted  by Podolsky &. Nolan. An im portant feature of 
th e ir  model is tha t c ro ss-b rid g e  cycling occurs on an extrem ely short 
tim e s c a le ,  of the order of a few m illiseco n d s. It is  d ifficu lt to  recon­
c ile  th is  view  w ith the  da ta  obtained from experim ents on the v e lo c ity  
dependence of P g^ . This showed th a t at 0®C the ra te  of cycling of the
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cro ss-b rid g es  ce a se s  to affect Pg^ 4  ^ v e lo c itie s  in ex cess  of about 
4 m m .s T \  This ^ r r e s p o n d s  with a speed of filam ent slid ing  of about 
0 .16jum ,s , The spacing  of of the c ro ss-p ro jec tio n s  orientated  in the
d irection  of any given eotin filament is  approxim ately 4 3 nm, which 
means tha t a spec ific  point on the ac tin  filam ent w ill encoun ter, on 
av erag e , 3 ,8  c ro ss-b rid g es  per second so th a t an in teraction  can occur 
only once every 260 m s, If Podolsky & N olans' theory were c o r re c t , 
the  c ritica l v e lo c ity  ought to  be a t le a s t  10 x  g rea ter than is found exp­
erim entally .
The model put forward, by H uxley &. Simmons h as  certa in  energetic  
ad v an tag es . They po stu la te  tha t the head can rem ain attached  to  the  
ac tin  filam ent a t a number of p o s it io n s , but th a t detachm ent, accom panied 
by hydrolysis of ATP can only occur when the head h as  reached the final 
p o sitio n . We have a lready  seen  th a t the head is constrained  to  adopt 
an interm ediate p o s itio n , from which it cannot be detached  by ATP , during 
the m aintenance of isom etric  te n s io n . This rheans th a t re la tiv e ly  l i t t le  
ATP w ill be consumed a t high loads compared with sm all lo ad s  where 
shortening is  p o ss ib le .
Now, the model of Julian e t a l , which is  su p erfic ia lly  lik e  th a t of 
Huxley & Simmons, does not permit c ro ss-b rid g es  to ex is t in interm ediate 
positions ; they  can  e ith e r e x is t in ari a ttached  state^w here they  exert 
no ten sio n  (oc)^or one in which they  exert maximum force ) and from 
which the  probability  of detachm ent ^and therefore  ATP hydro lysis , is  
h igh . It would therefore seem th a t th is  must be en erg e tica lly  more
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expensive than  the H uxley & Simmons m odel.
Scope for further study .
The im portance of looking a t sarcom ere movements in m echanical exper­
im ents of the  kind described  here cannot be over-em phasised . The presen t 
experim ents were hampered becau se  the camera used to  record the move­
ment of. the d iffraction  spectra  w as ab le  to operate a t a maximum speed 
of only 64 fram es per seco n d , re stric tin g  the sam pling rate to  one o b ser­
vation  every 15 m s. This meant th a t the  speed of stre tch ing  had to  be 
com paratively slow  and no d e ta iled  study of the  e ffec ts  of varying v e l­
oc ity  of s tre tch  on the  movements of the sarcom eres could be m ade, , ,
M oreover, even with th is  re la tiv e ly  poor time reso lu tio n , an a ly s is  of 
the re su lts  w as extrem ely time consum ing. C lea rly , b e tte r  reso lu tion  
could be obtained with a high speed camera (up to  1000 fram es per s e c . ) , 
but th is  would not get round the  problem of making m easurem ents on 
each  fram e, A b e tte r  approach would be to  obtain  a continuous record 
of sarcom ere m ovem ents, a s  would be obtained w ith the kind of system  
mentioned ea rlie r  ( Scope of the  p resen t s tu d y ) , employing a p ho toelectric  
ce ll to d e tec t changes in the spacing  of the f irs t order sp ec tra .
Several in terestin g  experim ents could be undertaken w ith a system  of 
th is  k ind . In p a rtic u la r, the re la tion  betw een force and the speed of f il­
ament movement during the period afte r rapid ’g ive ' could be studied  by. 
vary ing .Æhe^^eed a t w hich the  m uscle is  s tre tch ed . In ad d itio n , the 
ex ten t of'rapid  '^ v e '  a t d ifferen t sarcom ere leng ths could be m easured.
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The tem perature dependence of sarcom ere s tiffn e ss  and of referred 
to  in C hapter V, is  ano ther area w hich deserves further s tudy . Again, 
it would be n ecessa ry  to  monitor filam ent slid ing  in order to determ ine 
the  s tiffn e ss  of the sarcom eres over a wide range of tem perature and 
v e lo c ity .
The patterns of s tre tch  and re lea se  used in th is  study  were lim ited
in th a t it w as im possible to  in v estig a te  the e ffec ts  of m ultiple s tre tc h e s ;
each  s tre tc h , o ther than  the  f i r s t ,  n e ce ssa rily  followed a previous re le a s e ,
as  the wave-form  generator used could not be programmed to  provide
one s tre tc h , followed im m ediately or a fte r a de lay  by another one. A
device h as  now been constructed  w hich is able to  do th i s , An experim ent
w hich should be made is  to  s tre tch  a m uscle , a t a re la tiv e ly  slow  speed 
—1( say  4 mm. s ) / o  a point beyond rapid 'g iv e ' where the  ten sio n  le v e ls
off and then e ith e r h a lt the s tre tch  for a period of time and then su b jec t
the m uscle to a second s tre tc h ; o r , a lte rn a tiv e ly , in c rease  the v e lo c ity
of s tre tch  im m ediately. In the former c a s e , ten sio n  w ill s ta rt to fa ll
in the  period betw een f irs t and second s tr e tc h e s , and if su ffic ien t tim e 
■\ \is  a llo w e '^ 'T ^ y  SO'^ms) for attachm ent and reattachm ent of c ro ss-b rid g es  
to  occu r, th-eff’a ^ u b se q u e n t stretch, ought to produce a response e s s e n t­
ia lly  sim ilar to  the f i r s t ,  accom panied by rapid 'g iv e ' of sarcom eres. A 
different re su lt is  predicted for the second of th e se  a l te rn a tiv e s , when 
v e lo c ity  of s tre tch  is  in creased  abruptly ; the  m uscle should change 
quickly  (p e rh a p s , in stan tan eo u sly ) from one point on the force /  v e lo c ity  
curve to  ano ther. If the second of th ese  s tre tch es  is su ffic ien tly  rapid
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it ought to  effect a drop in the  lev e l of m aintained fo rce .
F ina lly , the varia tio n s  in the d ischarge frequency of a m uscle sp indle 
sub jected  to s tre tc h  bears a strik ing  resem blance to th e  form of the 
ten sio n  resp o n se .to  large am plitude s tre tch es  described  in th is  report 
(Brown, 1971) ; so much so,,that it ra ise s  the p o ss ib ility  th a t the  afferent 
response may be determ ined la rg e ly  by the m echanical properties o f 'th e  
in trafusal fibres th em se lv es . The in stan taneous im pulse frequency 
in c reases  rapidly  during the early  part of a s tre tc h , then lev e ls  off 
more or le s s  abruptly  w hile the s tre tch  co n tin u es. At the end of the 
s tre tc h , it decays in a ch a ra c te r is tic  fa sh io n . Primary and secondary  
nerve endings d iffer in th e ir  resp o n ses  (Boyd & Ward , 1975) ; primary 
endings show a marked v e lo c ity  d ep en d en ce , w ith rapid accom odation 
afte r the length  change is  com pleted (la rge  dynam ic index) w hereas 
secondary endings respond to the  in stan taneous length  of the sp indle 
and show l i t t le  accom odation ( sm all dynam ic in d e x ) . It would be of 
considerab le  in te re s t to  record the in stan taneous ra te  of firing of an 
iso la ted  spindle and observe sarcom ere movements using the la s e r  d iff-
\  V ■racMon^^sygtem, i^m ultaneously . This would be tech n ica lly  d ifficu lt 
w ith mammaHSiTs p in d le s , but it could be attem pted w ith the  sim pler 
frog m uscle sp indle ; employing the  'c r it ic a l cu ra risa tio n ' procedure to  
elim inate the effec ts  of ven tral root stim ulation on the  extrafusal fib res 
w hile recording the response  of th e  in trafusal f ib re s .
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